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FOREWORD 


The Milling Committee is charged with the responsibility of securing 
papers upon the various phases of milling which shall be of timely inter- 
est to the members of the Institute. The policy adopted some time ago 
by the Institute, of publishing special volumes whenever sufficient 
papers accumulate upon a particular subject to warrant, renders it 
desirable that the volume cover all of the new developments in the 
particular field for the period. The difficulty of doing this is apparent 
when we reflect that all papers are voluntary, there is no remuneration 
to the author and, despite a good deal of solicitation, committee chair- 
men are at times disappointed in securing certain papers to round 
out a subject. It is hoped that the reader will recognize the good points 
in the present volume and bear with its shortcomings, and, most impor- 
tant, assist in bringing up succeeding volumes to a higher standard 
of excellence. ; 
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Crushing and Grinding, I.—Surface Measurement of Quartz 
Particles* 


By Joun Grossf anv 8. R. Zimmer.ey,{ Saur Laxe Crry, Uran 
(New York Meeting, February, 1928) 


A survey of the status of ore dressing in 1923! placed particular stress 
on the need of research in the crushing and grinding of ore, especially on 
the need ‘for a method of measuring the surface of the products obtained 
in crushing and grinding and for fundamental data on the law of crush- 
ing, in order that intelligent conclusions may be drawn from actual 
crushing or grinding experiments. 

There has been no satisfactory means of determining the surface of 
crushed products. The results have been judged entirely by the amount 
of the various sizes produced, based on sieve sizing for particles above 74 
microns in size and on microscopic measurement or elutriation for parti- 
cles below 74 microns, a method which could give only a general idea of 
what had been accomplished. 

The fact that the long controversy between the followers of Kick 
and of Rittinger has resulted in no accepted conclusion is evidence of 
the need for fundamental data on the crushing law. 


Some Meruops or MraAsuriInGc SURFACE OF PARTICLES 


A dissolution method was used by Wolff to measure surfaces of glass 
powder. A mixture of sodium carbonate and sodium hydroxide was the 
solvent and the amount of glass dissolved in two hours from the powder 
was compared with that dissolved from a glass plate.2 Lately Herbert F. 
Kriege has used the dissolution method in determining surface of calcite 
and limestone.* 

Dr. Geoffrey Martin and his coworkers in England have also used a 
dissolution method to determine surface on quartz. They compared 
the amount of quartz dissolved from the sample in one hour by a hydro- 
fluoric acid solution with the amount dissolved from a measured quartz 


* First in a series of three papers to be published on the subject of Crushing and 
Grinding. 

+ Metallurgist, Intermountain Experiment Station, U. 8. Bureau of Mines. 

t Assistant Metallurgist, Intermountain Experiment Station, U. 8. Bureau of 
Mines. 

1—. A. Hersam: The Status of Research in Ore Dressing. Report to the 
Milling Committee of A. I. M. E. and U.S. Bureau of Mines (1923). 

2H. Wolff: Determination of the Surface of Glass Powder. Zisch. angew. Chem. 
(1922) 35, 138-140. Abs. in Chem, Abst. (1922) 16, 2017. 

3 Relation between the Fineness of Limestone and Its Rate of Solution. Rock 
Products (July 10, 1926) 24, 65-68. 
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The Bureau of Mines began work on the i proBlia ae the Inte Intermot 
tain Experiment Station, Salt Lake City, in Sepvonber, 182 


metho for the measurement of surface of ened quartz particles; a 
relation of measured surface of crushed quartz particles to the average — 
diameter as obtained by sieve sizing; and the relation of the work expended na 
in a crushing operation to the surface produced. gs ates ris 28 
This paper deals only with the method of surface measurement « 
quartz particles. The other phases of the work willbe taken up - 
later papers. 
It was realized that no advance in the fiidamanntal dieesiieationn aa 
crushing and grinding could be made without a reliable method of surface 
measurement and that such a measurement would have to be based on ~ 
some property of the surface of the crushed material. As the surfaces of 
various minerals have individual physical and chemical properties, it 
was decided that it was best to begin the investigation on one mineral 
only. Quartz was selected because the pure mineral could be obtained in © 
quantity and because it has many qualities desirable for the study of 
crushing. The quartz used was a massive variety obtained in north- 
western Utah, having a density of 2.65 and a purity of 99.5 per cent. SiOz. 
A number of attempts based on various surface actions such as adsorp- 
tion and heat of wetting were made to measure surface on quartz particles 
but all gave unsatisfactory results. After some preliminary work it was : 
decided that a dissolution method based on Wenzel’s law—‘‘the reaction 
velocity between solids and liquids is proportional to the area of contact” £y 
—would be the most feasible. 
After investigating the solvent power of caainan carbonate, sodium 
hydroxide and hydrofluoric acid for quartz, hydrofluoric acid was selected 
as the most suitable solvent and a dissolution method was worked out 
which gives very reliable results. 


*G. Martin, E. A. Bowes, J. W. Christelow: Researches on the Theory of Fine 
Grinding, Part II. A method of accurately determining experimentally the surface 
of crushed sand particles. Trans. Ceramic Society (1925-26) 25, 51. 

* J. Gross, 8. R. Zimmerley, 8. J. Swainson: Surface Measurement on Finely 
Ground Particles and Its Relationship to the Crushing Laws. Bull. 16, Univ. of 
Utah (August, 1925), 57-76. 

°C. W. Ostwald: Theoretical and Applied Colloid Chemistry. ee by Martin 


H. Fisher, Ist ed., New York, 1917. J. Wiley & Sons;8. L. Bigelow: Theoretical and 
Physical Chemistry) New Youd 1920, 
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During the dissolution of eiaitat in hydrofluoric acid, ihe reaction 


, velocity changes, for two reasons: there is a change in concentration of 
_ solution, and a change of surface of the solid. In view of these changes, 
_ it is clear that the amount of quartz dissolved in a definite period of time 


is not a true measure of surface. If, however, the reaction velocity or 
rate of dissolution for various periods of time is plotted, a curve is 
obtained, which, if extrapolated to the zero time ordinate, will give the 
rate of dissolution before any change of surface or any Pesaes in the 
solvent has taken place, and which is a true index of surface. This rate 
of dissolution, expressed in percentage of the original sample at the zero 
time ordinate, is designated herein as the “Initial Rate” or simply ‘“‘I. R.” 


Tue Dissotution Mrruop 


Improvements were made in the procedure, which gave increased 
accuracy. Details of the present procedure follow: 

Preparation of Sample.—The quartz is cleaned by removing the bulk 
of the abraded iron with a magnet and any remaining iron or other 
impurity with hot nitric and hydrochloric acid. It is then thoroughly 
washed and dried. | 

Weight of Sample-——The amount of sample taken for dissolution 
depends largely on the size of the particles. The sample should prefer- 
ably be large enough so that 50 mg. of silica is dissolved in 1 hr. On 
the other hand, the sample should not be so large that the concentration 
of the solution is unduly lowered. With fine material a 1-gram sample 
may be satisfactory while with coarser material a 16-g. sample may 
be advisable. In routine work, seven samples of equal weight are taken, 
six for dissolution tests and one for ignition loss. 

Apparatus.—The dissolution tests are made in tubes 6.5 in. long, of 
various diameters, dependent on the volume of solvent. The tubes 
finally used, which are entirely satisfactory as to acid and abrasion 
resistance, are made of one of the Bakelite products knownas Dilecto XX. 
Corks are used to close both ends of the tubes. Agitation is accomplished 
by rotating the tubes end for end at 20 r.p.m. in a thermostatically 
controlled water bath capable of holding six 25 c.c. tubes. 

Standard Solution.—The standard hydrofluoric acid: solution is pre- 
pared from C. P. hydrofluoric and carefully standardized against a fresh 
standard solution of sodium hydroxide, which has previously been 
standardized by means of benzoic acid. The standard concentration of 
solution used in these tests is 3.66 normal, or 73.2 g. HF per liter. 
This concentration has been adhered to because it was found satisfactory 
in some preliminary work. A standard of 60 to 80 g. per liter would 
have been just as satisfactory. The volume of solution used varies from 
25 to 250 cc. The 25 c.c. volume allows ease of manipulation and 
rapidity of filtering and therefore is usually used. 
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Porarere The tube is bag Ss ‘hes Sete sample ( 
and the tube replaced in the water bath, which is held t within | 
25° C., and agitated for the desired length of time. The tube is 


washed. Whe contact period is taken from the time the tal is droped cm | 
into the tube to the time when the wash water is applied. The filter 
paper with the quartz is placed in a weighed platinum crucible and slowly — Be 


~ heated in a muffle furnace. When the filter paper has ceased burning, — = 
the cover is removed and heating is continued until no carbon from the | 


filter paper remains. The crucible and contents are ninoed:3 in a dessi- 
cator to cool, then are weighed. Jeg 

Time Periods of Dissolution.—Short periods of time fan the dissolution = 
tests are desirable in giving points close to the zero time ordinate; on = 
the other hand, the data obtained for short periods of time are more | 
liable to error than with longer periods. From the results of many tests, a 
it was decided that the 14-hr. period is the shortest from which reliable 3 
dite are obtainable. In all the later work dissolutions were made for : 

1-hr., 1-hr., 114-hr., and 2-hr. periods, the 14-hr. and the I-hr. dissolu- 

i pene uplicdiad’a S 

Ignition Loss.—The loss in weight of the quartz as determined by the 
dissolution test must be corrected for ‘“‘ignition loss.’”’ This is a small 
value, usually about 0.1 per cent. and fairly constant, probably due to ~ 
moisture and residual carbon from abraded iron. A sample of the quartz 
equal in weight to that of the samples for dissolution is placed in a filter 
paper, washed, ignited in a weighed platinum crucible, cooled and weighed. 
This ignition loss is deducted from the loss in weight as determined by 
the dissolution test to obtain the true weight of silica dissolved. Some 
experiments were made in which the quartz was heated before the disso- 
lution tests. It was thought that this might obviate the need for an 
ignition correction. The results were erratic, possibly due to some 
disintegration of the quartz. 

Care in Manipulation.—Extreme care in manipulation is necessary to 
avoid loss of quartz particles. This is especially true when handling 
fine material and with the short-time-period dissolutions. 


DETERMINING THE INITIAL Rate (I. R.) 


From the experimental data two curves are drawn, the cumulative 
curve and the rate curve, as follows: 

a. ‘The cumulative curve is per cent. silica dissolved plotted against 
time (curves C and C1in Fig. 1). This curve must pass through the origin. 

b. The rate curve is per cent. silica dissolved per hr., plotted against 
time (curves # and #! in Fig. 1). This curve is really a per cent. rate 
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curve but is designated as the ‘‘rate curve” for simplicity. ; The extra- 


polation of the rate curve to the zero time ordinate gives the initial rate, 


or the index of surface. 

Both curves must be smooth if the data are correct. Any doubtful 
points are checked by repeating. The reliability of the method depends 
largely on the accuracy with which the extrapolation for the I. R. is made. 
During the earlier part of the work the rate curves were extrapolated 
graphically. This was not entirely satisfactory and it was realized that 
a mathematical extrapolation was highly desirable. 

12 KC+R - 2grams 
GN a a za 
er 
anes ee 


C- 4grams 


ce 


2 
A 
pee slid 


Silica Dissolved per Hour for Curves R and i per cent, 
Silica Dissolved for Curves Cand C} per cent. 


S—- Nw PY w+] © Oo 
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0.5 1.0 1.5 2.0 
Period of Dissolution, hr. 


Fig. 1.—ExTRAPOLATION OF THE I. R. VALUES ON A CRUSHED QUARTZ SAMPLE. 


The slope of the tangent to the cumulative curve at any point on the 
curve represents the rate at that time; likewise the slope at the origin 
represents the instantaneous rate at zero, or the initial rate. Many 
attempts were made to fit standard curves to the data and to obtain the 
I. R. value from the tangent at the origin of such a curve, but all were 
unsatisfactory. Expressions, however, were finally derived for both 
curves which fit the experimental data. These expressions are: 


A-+at 
eA erm og (1) 
At + at? 
| opal Kt (2) 
in which R = per cent. silica dissolved per hour. 


C = per cent. silica dissolved. 
A = initial rate. 

a = constant. 

k = constant. 

t 


time in hours. 


a i ee ee * ai LR ey ee 


j Se re than AK ome yn of 2 
also the point where the ee of the cumulative i 


P 


1-hr. ordinate. wr 
The general equation in eae KC +R equi 


KC+R=A+at 


Silica Dissolved per Hour, per cent,(R) 
Silica Dissolved, percent. (C) 


5 
Period of Dissolution, hr. (t) 


Fic. 2.—GRAPH FOR THE MATHEMATICAL EXPRESSION OF THE CURVES C’ AND R, 


~ 


experimental value. While the experimental data may vary from the 
exact time periods by a small amount, this is corrected to the exact 
time periods either by interpolation on the smooth curves R and C or 
by interpolation from a ‘‘difference in rate” curve. Exact time periods 
are used in the calculations for convenience. 

Having established the equation for the cumulative curve, values may 
be accurately calculated for any point on the curve as close to zero as may 
be desirable. If the slope of the secants between such points and 
zero be plotted against the time value for the points, the resulting curve 
extrapolated to zero time will give the limit of the slopes of the secant, 
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which will be the slope of the tangent. The slope of the tangent of the 


cumulative curve at zero is, of course, the rate at the beginning of the 


reaction. Such a procedure is the same as the plotting of the rate curve, 
and the I. R. of the rate curve is the same value as the slope of the tangent 
at zero on the cumulative curve. 

_ These expressions for the curves are acceptable from the fact that the 
calculated curves check the experimental data in all cases, even for dis- 
solution periods up to 10 hr., the maximum time to which dissolution tests 
have been carried. 

In the extrapolation for the I. R., the nature of the rate curve has 
considerable influence on the accuracy of the extrapolation. 

The most desirable curve is one approaching a straight line parallel to 
the time axis; that is, one with zero slope. This curve can be extrapolated 
with the greatest accuracy. Increased curvature and increased slope 
of the rate curve diminish the accuracy of the extrapolation. 

The conditions that give increased curvature are: greater surface on 
the sample; a smaller ratio of solvent to solid; and a lower concentration 
of the solvent. The conditions that give increased slope are: greater sur- 
face on the sample; a smaller ratio of solvent to solid; and higher concen- 
tration of the solvent. <A greater curvature is more serious than a greater 
slope. With quartz having a small surface, a flat curve is obtained that is 
easily extrapolated, but with fine material, having a large surface, the 
conditions that increase accuracy are, primarily, a large ratio of solvent 
to solid and, secondarily, a high concentration of solution. An increased 
ratio of solvent to solid is accompanied by increased difficulties in manipu- 
lation and the selected ratio of solid to solvent is therefore largely a matter 
of judgment. The use of a solvent of other than standard concentra- 
tion is not desirable except in extreme cases, as the I. R. values vary 
with varying concentrations. 

As the rate curve is a percentage rate curve, and as the percentage rate 
of dissolution at the start is the same irrespective of the ratio of solvent to 
solid, it follows that if two series of dissolution tests are made using two 
different ratios, two rate curves will be obtained which should extrapolate 
to the same I. R. point. This gives a valuable means for checking the 
correctness of the data. 

An example of the data secured on 2 and 4-g. samples of crushed 
quartz, using the same volume of solvent, is given in Table 1. 

The experimental data are plotted as cumulative curves (C and C’) 
and as rate curves (R and FR’) in Fig. 1. From these smoothly drawn 
curves the accuracy of the data is judged. By the use of the mathemati- 
cal expression given previously, the various values for KC + R and K’'C’ 
+ R’ are obtained, which give the straight lines intersecting the zero- 
time ordinate at A, the I. R. point. 


14 CRUSHING AND GRINDING 
Dissolution of Different Quartz Samples 


It is well known that the rate of dissolution of quartz varies with the 
direction of the crystal axes. Some work done on the dissolution of 
quartz crystals indicates that the dissolution in the interior of the crystal 
proceeds in the direction of the vertical axis. If dissolution proceeds 
along a certain axis in a crushed quartz particle, it may be assumed that 
this effect will be compensated in all cases because of the large number of 
particles used in the determination. 


Tas_e 1.—Data on Dissolution Tests—Crushed Quartz 


2-gram Sample | 4-gram Sample 
Silica Dissolved Silica Dissolved | 
Period " Period 
of Di E oe Soe 
= Hee r Ment Wie Yelag: Hr. . Wale, Value, Neate. 
* |Per Cent.|Per Cent. &-  |Per Cent.|Per Cent. 
per Hr. per Hr. 
Experimental data 
0.500: | 75.2 | 3.760 |. 7.520 0.508 | 146.4 | 3.658 | 7.200 
1.000 | 182.5 | 6.625 | 6.625 1.000 | 243.4 | 6.085 | 6.085 
£:514 | 181.3 | 9.073: |. 52993 1.500 | 317.3 | 7.932 | 5.288 
2.000 | 221.7 |11.086 | 5.543 2.004 | 381.1 | 9.527 | 4.754 Leal 
Calculated data 
KC+R K'C’ + R! 
0.500 3.760 | 7.520 | 9.678 || 0.500 3.610 | 7.220 9.162 
1.000 6.625 | 6.625 |10.428 || 0.508 3.658 | 7.200 9.168 
1.500 9.009 | 6.006 |11.177 || 1.000 6.085 | 6.085 9.359 
1.514 9.072 | 5.992 |11.199 |; 1.500 7.932 | 5.288 9.555 
2.000 11.106 | 5.553 |11.928 || 2.004 9.407 | 4.694 9.755 
Error in 2 hr. pt. = —0.18 per cent. Error in 2 hr. pt. = +1.28 per cent. 
I. R. = 8.929 I. Ree =s82966 
a = 1.499 a = 0.393 
K = 0.574 K’ = 0.538 


Average I. R. = 8.948 
Error from average I. R. = 0.21 per cent. 


To see whether any marked difference existed in the dissolution rate 
of different samples of quartz, three samples, all having the same density, 
were prepared. 


Sample 1.—Massive quartz of —100 + 150 mesh, as used in the regu- 
lar work. 
Sample 2.—Ottawa (Utica Brand) sand, + 28 mesh, after cleaning, 


was crushed to pass a 65-mesh sieve, and from this a —100 + 150 mesh 
product was prepared. 
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These data show that whatever effect the direction of dissolution in 


quartz. 


the crystal quartz may have on the rate, the same effect occurs in massive 
In other words, if the dissolution proceeds only in the direction 


of the vertical axis in a quartz crystal, the dissolution in other quartz is 
Crushed quartz, therefore, has a definite rate of dissolution 


the same. 


all directions. 


in spite of the fact that dissolution does not. proceed equally in 


TasLE 2.—Data on Dissolution Test Crushed Quartz 100/150 Mesh 


2-gram Sample 


Silica dissolved 
Jae of 
issolution 
Hr. C Val f R Value, 
= Mg. iy ebay ee. ene 
Experimental data 
1.00 46.0 2.300 2.300 
1.00 45.4 2.270 2.270 
3.00 122.8 6.140 2.047 
6.00 209.2 10.460 1.743 
8.83 284.4 14.220 71610 
Calculated data 
KC+R 
1.00 2.290 2.290 2.613 
aby 6.045 2.015 | 2.867 
eo) <4 10.560 1.760 3.249 
8.83 | 14.199 1.608 3.609 
ee ie ee eS ee ee ee eee 
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TaBLe 3.—Data on Dissolution Test Ottawa (Utica) Sand Crushed to 
100/150 Mesh ~ 


2-gram Samples 


Silica Dissolved 
Benes 
issolution, R Value 
Hr. C Value, y 
a Mg. Bee Cent. es A Cent 
Experimental data 
1.16 55.8 2.790 2.405 | | 
2.00 92.0 4.600 2.300 
3.06 134.2 6.710 2.193 | 
4.02 169.8 8.490 2a1t2 
Calculated data 
KC+R 
1.00 2.420 2.420 2.686 
WG 2.783 2.399 . 2.705 
2.00 4.600 2.300 2.806 
3.06 (Bey Allie’ 2.195 2.934 
4.00 8.460 Spe bi bss 3.046 
4.02 8.498 2.114 3.049 
HEAR = ene 
CORO 
OE a) 


TaBLEe 4.—Data on Dissolution Test Quartz Crystal Crushed to 100/150 
Mesh 


2-gram Sample 


Silica Dissolved 
Period of = = 
Deenelnles RioValue 
He Mg. “. one Rate, Per Cent. 
a per Hr. 
Experimental data 

0.99 45.9 | 2.295 Pee tes 
1.01 45.3 2.265 2.243 
2.01 86.2 | 4.310 2.144 
3.03 124.7 6.235 2.058 
3.98 160.3 8.015 2.014 
4.00 159.0 7.950 1.988 


ee ene 
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Silica Dissolved 


Period 
4 Dish, 
. R Value, - 
Bet ee . Rate, Por Coalits 
per Hr. 
Bie KC+R 
0.99 2.260 2.283 3.155 
1.00 2.280 2.280 3.160 
1.01 2.302 2.279 3.088 
2.00 4.292 2.146 3.8038 
2.01 4.311 2eiAS ~ 3.809 
3.03 6.236 2.058 ° 4.465 
3.98 7.968 2.002 5.078 
4.00 8.000 2.000 5.088 


fa Rap 2.5182 ea 066435, (Ke =i108386) 
AccuRACY OF THE DissoLUTION MrtrHop 


There are a number of factors that enter into the accuracy of the 


determination of the I. R. value. Their probable effect on that accuracy 
is considered in the following paragraphs. 


The Sample.—The accuracy with which the SiR represents the 
material increases as the material becomes finer, the larger number of 
particles giving a more representative sample. The variation in two 
samples of equal weight is compensated by taking the average results 
of two dissolutions. This is especially advisable in the short-time-period 
dissolution. When a product contains coarse as well as fine material, it is 
practically impossible to weigh directly a number of samples having even 
approximately equal amount of surface. Obviously, in this case serious 
errors are likely. If such a product is separated into two or more sizes 
by sieving and a composite sample made by weighing out each size in 
proportion to the weight it represented in the original material, repre- 


sentative samples will be obtained for the dissolution. An error may 
_result from inaccurate weighing, but a large error of that kind is at once 


detected in the data and small inaccuracies are compensating and well 
within 0.2 per cent. 

Manipulation.—Loss in handling may be the cause of erroneous results 
especially with very fine material. Experiments made on loss in handling 
—200-mesh material indicate that with reasonable care such a loss repre- 
sents a maximum error of less than 2.0 per cent. As similar losses may 


occur in the determination of the ignition correction, this tends to com- 


pensate such errors. A slight error in the time of the test may occur, but 
as the time can be observed accurately to within 10 sec., the maximum 
error from this cause would be 0.6 per cent. This again is a compensat- 
ing error. 
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of uals of cs nek wall have a decided ef e 
solid dissolved. if, however, the rate of dissolution i is slow sai 


exist.’ The dissolution of quartz in hvdroauare os seems as Belo 
to this class as the effect of increased agitation or movement of | ae 
particles through the solution has been found experimentally to have such — 
a small effect that it is negligible as a source of error. Sufficient agitation — 
is given to prevent the quartz from packing in the end of the tube and 
thus possibly lessening the action due to masked surfaces. ‘3 

Abrasion.—If abrasion of the particles takes place during dissolution, > 
a greater amount of silica will dissolve as more surface is exposed to the Se 
solvent. This may occur with easily abraded minerals, but quartz is not 
abraded by the agitation during a dissolution test. Samples of quartz 
were agitated with distilled water for 4 hr. in the same manner as were 
the dissolution tests. After drying, the quartz gave the same dissolution 
rate as like samples which had not been given a preliminary agitation. 

Temperature.—The temperature is controlled within 0.1° C. Tests 
made at 20°, 25° and 30° C..on several samples of quartz showed that, 
with a temperature variation of 0.1° C., the error in the I. R. determina- 
tion is Jess than 0.5 per cent., a compensating error. 

Concentration of Solution——Tests made with standard strength, half 
strength and double strength hydrofluoric acid showed that a variation of — 
0.25 per cent., the limit of accuracy in standardizing the hydrofluoric, 
caused an error of less than 0.4 per cent. in the I. R. determination. 

Ignition Correction.—The ignition correction is small and many repeat 
ignitions checked well within 0.5 mg. An error of 0.5 mg. causes an 
error of 2.5 per cent. in the initial rate when 50 mg. of quartz is dissolved 
in4 hr. With larger amounts dissolved, the error in the I. R. decreases. 

Reproducibility of Results—As most of the possible sources of error 
are compensating, an average value of two duplicate dissolutions should 
give a fairly accurate figure. The results from several hundred duplicate’ 
dissolutions showed that the probable variation is less than 1.0 per cent. 
from the average. 

Effect of Error on the I. R. Value.—An error in any of the dissolutions 
has more effect on the Initial Rate when the rate curve has a great curva- 
ture. In rate curves as ordinarily obtained, an error of 1 per cent. 
in the }4-hr. and 1-hr. points affects the I. R. by about 6 per cent., and 
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7K. K. Rideal: An Introduction to Surface Chemistry, 193. Cambridge Univ. 
Press, 1926. 


F, C. Huber and E. Reid: Influence of Rate of Stirring on Reaction Velocity. 
Ind. & Eng. Chem. (1926) 18, 535. 
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the same error in the 114-hr. and 2-hr. points affects the I. R. by about 


2.5 per cent. If the curvature of the rate curve is not great, an error of 1 


per cent. in any of the dissolutions becomes glaringly apparent. If the 
I. R. is calculated from the 14-hr., 1-hr., and 114-hr. points, and if from 
this calculation the 2-hr. point checks within 2 per cent. of the calculated 
2-hr. point, it indicates that the I. R. is not off more than 4 per cent., 
unless the rate curve has an unusual curvature due to a low ratio of solu- 
tion to solid. 

Probable Accuracy of the I. R. Value——As the errors in determining the 
points for the rate curve are largely compensating, and as comparatively 
small errors are readily detected if a ratio of solution to solid is chosen 
so that the curvature of the rate curve is not too great, it is thought that, 


_ with careful manipulation in the dissolution tests, the determination of the 


I. R. is within 5 per cent. of the correct value. This conclusion is more 
than verified in the results from 21 I. R. determinations in which two dif- 
ferent ratios of solvent to solid were used as a check. These tests were 
made on a variety of samples, sized and unsized, with I. R. values ranging 
from 0.816 to 128.703. The average I. R. variation of these tests was 0.77 


per cent. from the average, the greatest variation being 2.69 per cent. 


from the average. 

Effect of Fine Particles on the Dissolution Rate.—In the dissolution of 
quartz with the standard hydrofluoric acid, a layer 0.25 micron thick is 
dissolved in 1 hr. Therefore particles of a diameter of 0.5 micron or less 
dissolve entirely in this period of time. Itmay be assumed, however, with 
a fair degree of assurance, that there is a regular gradation of the small 
sizes in an ordinarily crushed or ground product; that the complete dis- 
solution of particles is a gradual process, and is therefore taken into 
account in the extrapolation of the rate curve to the zero time ordinate. 
If, however, material consisting entirely of particles of 0.5 micron or less 
is to be subjected to measurement of surface, a solvent of much lower 
concentration must be employed. That the ultimate solubility increases 
with the fineness of the substance does not affect the I. R. value, as this 
is a measure of rate; and if Wenzel’s law holds, the rate of dissolution is a 
measure of the surface exposed to the solvent irrespective of the ultimate 
solubility. The reliability of the dissolution method for surface deter- 
minations on quartz will be considered further in a subsequent paper on 
crushing and grinding, in connection with the relation of measured surface 
to average size of particles. 


Calibration of the I. R. Value 


The surface measurement figure obtained and expressed by the I. R. 


_ value is a relative value only but may be directly compared with any 


other I. R. value on the same class of material when the dissolution tests 


a: el Ae ie 


ae? 20 i 
Rin have been made with ihine same 5 con 
same temperature. 


known. Attempts were made to calibrate the I. R. ie by 


It is highly desirable, at an Or 
parison with other materials, that the actual s 


thin polished plates of quartz to the dissolution method. This 
because the polished surfaces rapidly became pitted. 

Another attempt was made to calibrate the I. R. value by mare 
quartz crystals of known surface to the dissolution method. Ina 
crystal the dissolution proceeds from the three alternate intersections of 
the rhombohedral faces at each pyramid, the prism being untouched. — . 
As these lines represent no surface at the beginning of the dissolution, the 
rate curve obtained has a curvature opposite from that obtained on quartz % 
particles and actually gives an I. R. value of zero. pF Ay 

As both the thin polished plates and the quartz crystals were found ig 
unsuited for calibration purposes, recourse was had to another method. 
Quartz readily takes on a strongly adherent coating of silver when placed 
in a modified mirroring solution. The thickness of this coating varies, 
however, with strength of solution, with time, with temperature, with 
agitation, with amount of surface in contact with the solution, and with 
other conditions. 

As the control of a definite layer of silver on quartz depends on so 
many conditions, it was impossible to reproduce results in two consecu- 
tive experiments. When, however, two different samples of quartz 
are given similar contact with the same solution, it is reasonable to 
believe that the layer produced on all of the material will be of equal 
thickness. Experiments indicated that quartz crystals, quartz particles 
and glass take on a layer of equal thickness when given similar agitation 
in the same solution. 

Ottawa sand (the I. R. value of which had been determined) was | 
chosen as the material to compare with 15 quartz crystals, the surface 
of which had been determined as 6.60 sq. cm., by the camera lucida. 
Ottawa sand was chosen for this purpose because the surface of this 
material is much nearer that of theoretical spheres than is crushed quartz, _ 
and also because it is practically free from cracks which affeet the disso- 
lution rate. The quartz crystals and sized Ottawa sand were placed 
in a tube with the silvering solution, constant movement of the quartz 
being obtained by reversing the tube vertically so that the quartz was 
continuously falling from end to end. After 30 min. the coated quartz 
was thoroughly washed, dried and weighed. The silver on the crystals 
was determined by weight and the silver on the Ottawa sand was dis- 
solved and determined by titration. 


a ee ee 


8 The effect of cracks on the dissolution rate will be discussed in a subsequent paper 
in connection with their significance on surface measurements of crushed quartz. 
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|The results given in Table 5 are the averages of eight or more experi- 


ica to the settling rate of the eanticles and a correction was applied to 


ee eeuse te this. 


TABLE 5.—Surface Measurements of Ottawa Sand by Silver Be 


Theoretical Ratisrot 


Surface as Factor t 

Siove size | Roterined by | Sor Spheren,” | ,.Mguauted, || Initial Rate ees, 
Sq.Cm. per Gram 8a Crake Surface Gram 
28/35 60.97 45 1.355 0.358 170.3 
35/48 : 83.64 63.5 ines 0.497 ° 168.3 
48/65 PelLrSEs 90 1.314 7 0.732 161.5 
65/100 176.40 127 1.389 1.020 172.9 
100/150 249.95 180 1.389 1.389 180.3 
150/200 338.72 254 - 1.334 . 1.923 176.1 


No great degree of accuracy is claimed for the silver-coating method 
nor is accuracy necessary. ‘The initial rate figures accurately express 
surface and therefore give true comparisons of surface. The conversion 
of the I. R. to a definite measure is a convenience only. 

The calibration figure has been taken as 170, the factor by which the 
I. R. value is multiplied to give square centimeters per gram. As no 
other method of calibration was available, the results obtained by the 
silver-coating method must be accepted until some other method of 
calibration is found to be more accurate. 


Utilization of the Dissolution Method 


The dissolution method for the measurement of surface on quartz 


’ has been used in a study of surface measurements on sized quartz, which 


will be presented in the second paper on Crushing and Grinding. The 
method has also been used in determining the surface produced in a crush- 
ing operation, the results of which will be given in the third paper on 
Crushing and Grinding. 

It is hoped that later a series of grinding experiments may be under- 
taken, using quartz, in which a comparison between surface produced 
and work input may be obtained for various machines or for the same 
machine under various conditions. Such experiments will necessarily 
have to be confined to material of which the surface may be measured. 
The possibility of being able to measure surface on ore seems remote. It 
was thought at one time that it might be possible to coat ore with some 
substance, and then subject the coating to the dissolution method. Some 
experiments along this line were tried with silver-coated quartz but were 
not promising. 


A study of surface measurement of euliveeaae mag me 
hoped that pyrite and galena may ultimately be includ 
tion. This would give comparable results on two sulfides, 0 
one without cleavage, and two gangue minerals, one with 
without cleavage. 


SUMMARY 


A method for surface measurement of quartz has been developed which : 
depends on its rate of dissolution in hydrofluoric acid. : 
The various conditions affecting the accuracy of the test have been — 
investigated, the conclusion being that the dissolution method gives — 
results of surface measurement of quartz within 5 per cent. of the true value. _ 
By comparing the surface measurement of similarly sized products — 
from three different quartzes, it is concluded that the dissolution rate of 
all ordinary quartz is the same. ~ " i 
It is shown that the rate of dissolution of quartz crystals is noe a 
measure of surface, as the rate of dissolution is not equal in all directions. 
A calibration figure has been obtained by silver-coating quartz, from 
which the relative surface figure obtained by the dissolution method may 
be converted to specific surface. 
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DISCUSSION 


A, F. Taaaart, New York, N. Y. (written discussion).—The authors of this paper 
are to be commended for a large amount of ingenious and painstaking work directed 
toward the first step of the answer to that difficult question: ‘“What is the work or 
crushing?” It has been apparent for years that the usual methods of sizing analysis 
were inaccurate in the coarser sizes and completely inadequate in the finer; and that, 
if the measure of useful work done in crushing is change in size, the first esventiattt in 
quantification is an accurate method of size determination. If Rittingers’ theorem 
that the useful work done is proportional to the new surface produced should ulti- 
mately be found to hold, a measurement of surface will be necessary and sufficient; 
if, on the other hand, Kick’s theorem that the useful work done is proportional to the 
reduction in average particle volume is correct, it will be necessary either to extend 
surface-measurement methods to cover translation from total surface to average 
volume, or else to devise direct means to measure this latter quantity. 

The present research has utility in other fields. Probably a majority of the uses 
of fine powders depend on surface action, the rapidity and extent of which is naturally 
some function of the total surface area of the powder. Present methods of ilar 
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Deon of this quantity almost invariably depend on calculation based on an approxima- 


fen of average grain diameter, and cursory examination of the methods of such 


a approximation and calculation is sufficient to expose the inadequacy of the methods. 


If suitable solvents can be found for such powders, a method of the general nature 
described in the present paper should have considerable application. 

The weak point in the new method, as the authors point out, is in the extrapolation 
_ to zero time in order to determine initial rate of solution (I. R.), which is taken in 
a comparative index of surface. All extrapolation is dangerous and this is particularly 
true when it involves, as it’does the present case, passage from experimental values 
of relatively great magnitude through a zone in which such experimental values as 
exist are confessedly nonconcordant to the point—zero time—near which experience 
teaches us to expect markedly greater activity than at any other point in the range. 


The assumption on which this extrapolation is justified, made on page 19, “that there is 


and “that the complete dissolution of particles is a gradual process,”’ is questionable. 
Microscopic study of fine quartz suspensions in Columbia University laboratory 
indicates that there is a rather definite minimum size of particle in a suspension of 
ground quartz in distilled water. The absence of particles near the limit of visibility 
in a high-power microscope with dark-field illumination may be due to solvation 
of the originally small particles or to an initial absence; probably it is due in part to 
both causes. If the assumption is made that there is no limiting lower size, it must be 
assumed that subdivision proceeds to molecular dimensions, in which case the surface 
of the very fine material would be disproportionately great, and the initial solution 
rate would be in even greater disproportion for the reason that solution of these very 
fine particles is not so greatly slowed down by a concentrated film of reaction products 
surrounding it as is the solution of coarser particles. If, on the other hand, the 
absence of sizes down to the limit of microscopic visibility means solvation of the 
small particles, their rate of reaction with hydrofluoric acid should be relatively very 
great, and such a disproportionate rate would vitiate the assumption of gradual 
- solution and, therefore, the extrapolation to zero. 

The transformation from relative surface index to specific surface areas, attempted 
on pages 19 to 21, is not convincing. It is hard to see why fragments of crystalline 
quartz are not susceptible to all of the irregularities of solution rate exhibited by an 
individual quartz crystal; in fact, the pitting of the quartz plate, which means, of 
course, an uneven rate of solution at different points, would seem to be conclusive 
evidence that fragments, like crystals, corrode irregularly. If this is so, then the 
dissolution measurements can never be more than comparative. 

The reasoning with respect to the silver coatings also seems to present some dis- 
crepancies. Thus, if the thickness of silver coating depends, among other things, on 
the “amount of surface in contact with the solution” and “it was impossible to repro- 
duce results in two consecutive experiments,’ it does not seem “reasonab‘e to believe 
that the layer produced on all of the material will be of equal thickness” when “‘two 
different samples of quartz are given similar contact with the same solution,” since 
the two different samples must, if different, present different amounts of surface to 
the solution. The statement: “Experiments indicated that quartz crystals, quartz 
particles and glass take on a layer of equal thickness when given-similar agitation in 
the same solution” would, if the experimental data were conclusive, negative the 
original statement that the deposition varies with the amount of surface in contact 
with the solution. : 

The results in Table 5 are extremely interesting. It is to be hoped that the authors 
will supplement their paper by giving the deta,led results for the eight or more experi- 
ments averaged to determine the figures of the “table, iu order that the adequacy of the 


averages may be apparent. 


. a regular gradation of the small sizes in an ordinarily crushed or ground product”’ 
¥ 
a 
; 


surface, but to restrict it to comparat. e measurem| 


21 ona of che one i oar 2 in 
{6 accept the dissolution method as on 


restrict the data upon which statements. of comparativ surface ; 
region in which concordant experimental results are obtainable. Thus 
method outlined should give figures that will permit investigation. Br the 
Rittinger’s thereom and, if it-is found to hold, will permit comparisons of crushin 2 
operations to be made on the basis of the new surface produced. i cv 


C. E. Locks, Cambridge, Mass.—I feel that in this extrapolation ee ni 
the authors have seized upon the best possible process available, and Thave no 
that there was great possibility of error in so doing. Professor Taggart, have yo ty 
any definite evidence of the quartz in the distilled water? 


A. F. Tageart.—Nothing but that already given. 


C. E. Locxr.—Did not Gaudin in his work get certain evidence that there w 
particles even down to molecular size in crushed rock? 4 


i 

A. F. Taagart.—I do not think the evidence was conclusive. 

C. E. Locxr.—I was under the impression he at least spoke of it in his paper, _ 
because you will recall that he likewise attacked the problem of the Rittinger theory, _ 
and worked out some results. My impression was that he made an assumption that _ 
these particles did go way down to the molecular size. i 4 

It seemed to me in connection with this paper that the authors have made an ca 
admirable start and have reported the first step in the investigation which we hope ~ 
will solve the long controversy over the Rittinger-Kick theories and laws. 

I would like to ask the authors why they did not preheat the quartz as well as the 
solution. They carefully preheated the solution but poured the crushed quartz into 
the solution. There was an opportunity to avoid any error due to the cool quartz 
by simply heating the quartz in the same way they heated the solution. r 

I want to congratulate the authors on the work; it represents, of course, only a 
small amount of the actual experimental data that they must obtain, and I believe 
they are working along the right line to give us something that is well worth while. 


G. L. Otpriext, Salt Lake City, Utah.—The authors have carried out this work 
to a high degree of accuracy; that is, in terms of ordinary engineering experiments. 
When they say the results were not concordant, they mean that they were not inside 
the percentage of error set for themselves as shown in the paper. ~ 

As far as extrapolation is concerned, they performed many experiments with 
varying periods of time, to verify the mathematical formula for rates of solution, which 
could be used to predict what other rates of solution they were going to get and how 
much would be dissolved. They felt sure of their results. 

The reason, of course, for extrapolation to the initial rate is that the surface is 
diminished as you go on, and if you do not go back to it you do not know what the 
original surface was. ; 

They bring up an interesting point in regard to dissolving crystals. One would 
think that in measuring the rate of dissolution of the quartz one could take a crystal _ 
with definitely known surface and from that calculate how many grams per square 
centimeter had been dissolved; but when a quartz crystal is dissolved, the dissolution 
starts at the alternate intersections of the pyramid faces, so that the hexagon pyramid 
approaches a triangular pyramid. In other words, ie dissolving starts not on the 
surface but along a line, and therefore that mottied could not be used. Mr. Martin 
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‘f _m England has used crystals, although he had quartz cuboids, which are pauher a rare 
_ form and which the authors were not able to secure, to check up. 


__ In regard to the silver plating noted by Professor Taggart, a careful manipulation 


was necessary in order to secure concordant results, as anyone who has dealt with 


_ silver-plating solutions knows. In general the two methods gave fairly concordant 


results as a check on surface. 
Perhaps it would be to the point for practical men to say a word on the practical 


4 application of this. Possibly it was assumed that we would see instantly its applica- 
_ tion. The hope was to get data on the exact amount of work required to produce a 
_ given surface. We have no criterion as to the accomplishment of the work that has 


been spent in crushing. 

The authors have actually used a drop-weight method and have correlated the 
expenditure of work for the production of a given surface. They will go out in the 
mill and see how that checks out in actual practice in grinding, and from that and 
from the analysis of the factors involved in the mill, they hope to be able to design 
better crushing machinery, for as we all know, the cost of crushing is the main cost 
now in flotation. 


J. Gross anp S. R. ZimM=RLeEyY (written discussion).—The authors do not agree 
with Professor Taggart “‘that all extrapolation is dangerous.” If the extrapolated 
portion of a curve is short, compared to the entire length of the determined curve, 
especially in the case of flat curves, the danger from extrapolation is not great. In 
the extrapolation of a straight line there is, of course, no danger. The mathematical 
expression as applied to the experimental data obtained from the dissolution tests 


__ results in the extrapolation of a straight line as shown in Fig. 1, where the straight line 


KC + Ris the one really extrapolated. As this expression fits the experimental data 
over a wide variety of experiments covering all sizes or mixture of sizes of quartz, 
and over long periods of time, it certainly seems reasonable that the expression 
represents the curve with a high degree of accuracy. 

Although the distribution of particles from the limit of visibility down to the unit 
structure of quartz, the triplet, is unknown, the work of Martin and that of Gaudin 
show a regular gradation in size down to the limit of accuracy for the microscope, and 
it does not seem reasonable to expect a sharp discontinuity so far from the unit triplet 
of quartz unless considerable evidence is brought forth to the contrary. From 
present knowledge, solvation, or any form of increased activity of quartz particles due 
to their high state of subdivision, would not show an appreciable effect on particles 
above 0.01 micron in size. If these effects were appreciable, the nature of the dissolu- 
tion curve would be seriously affected. The dissolution curves obtained in all cases, 
from very coarse to the finest elutriation overflow, are all of a distinct type to which the 
mathematical expression applies, and the extrapolation is in all cases, therefore, that 
of a straight line. 

While some of the factors mentioned by Professor Taggart may enter into the final 
accuracy of the dissolution method, the authors feel that none of them are serious and 
that they are extremely small compared with the method of estimation previously used. 

It is true that fragments of quartz corrode at different rates depending on the 
orientation of the crystal axis, but where thousands of such fragments are present the 
results are statistically true, and if n particles are present, representing n times 
the surface, a corresponding amount will be dissolved in unit time. 

The data presented in papers II and III (pp. 27 and 35) further substantiate 
the dissolution method as a satisfactory means for the measurement of the surface 
of quartz. 

The apparent discrepancy noted with respect to the silver coating may be due to a 
misunderstanding of the text or to insufficient explanation on the part of the authors, 
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The thickness of the silver coating does depend on the total surface presented to the 
solution; if two separate samples of quartz are separately treated with the same quan- 
tity of solution, the sample with the greater surface will have a thinner coating, but 
when two samples of quartz having different surface areas together with a glass plate 


or quartz crystals are simultaneously treated in the same solution, the thickness of all 


coatings will be the same as shown by experiment and as quoted in the text. The use 
of the factor obtained by silver coating for converting the I. R. value to specific surface 
gives a definite conception of actual surface which the I. R. value does not do. In 
using the factor the results are still comparative measurements. 

If we “restrict the data upon which statements of comparative surface are to be 
based to the region in which concordant experimental results are obtainable,” we 
do not have a measure of surface as explained on page 3 of the text. The authors 
are pleased to see that Professor Locke agrees with them in regard to the extrapolation. 

Professor Locke asks why the quartz was not preheated as well as the solution 
in making the dissolution test. If the room temperature varies much from the 
25° C., the quartz is brought to the required temperature. Ordinarily a few degrees 
difference in temperature of the quartz may be neglected. Due to the low specific 
heat of quartz a difference of 2° C. in the temperature of the quartz added would 
result in a change of 0.06° C. in the temperature of the solution, which would then only 
be for a short duration of time. 


|For additional discussion, see page 44.] 
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_ Crushing and Grinding, II.—Relation of Measured 
Surface of Crushed Quartz to Sieve Sizes* 


By Joun Grosst anp S. R. Zrertey,t Sarr Laxr City, Uran 


: (New York Meeting, February, 1929) 


Tue deductions drawn in crushing and grinding operations have 
heretofore been based on a separation of the products into various sizes. 
A crushed product may be sized by sieving, by elutriation and by aid of 
the microscope. To estimate the surface of each size the relation of the 
surface to the estimated average diameter must be assumed. Such a 
relation, owing to the irregularity of the particles, may involve two 
assumptions: First, a factor to convert average diameter to surface for 
one particular size; and second, a variation in the factor as the diameter 
of the particle changes. Obviously a surface measurement in which such 
assumptions and estimates are involved is questionable. 

In the first paper of this series! a method has been given by which an 
accurate measure of surface of quartz can be obtained from its dissolution 
rate. By the use of this method, surface measurements have been made 
on a series of sieve sizes of crushed quartz, the results of which are given 
and discussed in this paper. 


PREPARATION OF THE QUARTZ SIZES 


The quartz, consisting of large uniform pieces with a density of 2.65 
and a purity of 99.5 per cent. SiOz, was crushed to pass 20 mesh and was 
then sieved. Tyler standard sieves were used, the sieving being done 
by hand according to the proposed standard method submitted by the 
senior author to the Milling Committee of the A. I. M. E. A wet split 
of the sample was made on a 270-mesh sieve. This was followed by dry 
sieving until less than 0.05 per cent. of the weight of the sample passed 
through the sieve in l-min. sieving. The +28-mesh material was dis- 
carded because that size did not contain the difficult grains from the 
20-mesh sieve. 


* Published by permission of the Director, U. S. Bureau of Mines. 
+ Metallurgist, Intermountain Experiment Station, U. S. Bureau of Mines. 
t Assistant Metallurgist, Intermountain Experiment Station U.S. Bureau of Mines. 
1 J. Gross and S. R. Zimmerley: Crushing and Grinding, I— Surface Measurement 
of Quartz Particles. See page 7. 
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with a ee ssf ee ayes a fenunee = 
acids. After being thoroughly washed and | 
bottled. As results were later desired on sieve sizes coal 
a lot of the same quartz was crushed to pass a 9.423-mm 
sieved in the same manner as the first lot. ae 


The results obtained in thie measurement of eaeriene on thet 
sizes of quartz products are given in Table 1. In the dissolution 
two different ratios of solvent to solid were used for the finer sizes as a 
check. The “average size” of a sieve-sized product depends on whether A 
the average is based on size, on surface, or on weight of the particles, — 
and on whether the limiting sizes are weighted. For the purpose of — 
comparing measured to theoretical surface the “average size”’ is take an _ 
as the mean of the limiting sieve sizes. . 

The theoretical surface is calculated for 1 g. of aera withic a 
diameter equal to the average size, or for 1 g. of cubes with an edge oa 
to the average size, as the surface per gram is equal for both spheres — 


cubes. All surfaces are calculated to square centimeters per gram. ee 
TaBLE 1.—Data on Sieve Sizes of Crushed Quartz a 
Theoretical ‘ ' 
Kx Si f & Measured Ratio of 
Mesh | “of Particle, | Gram of Quarts | Iitial Rate, cram SoC i iaaeateee 
Mm. Madi Fee Sos cap xX 170 ‘Surface ; 
34 5.690 4.0 0.201 34.2 8.55 
4 4.013 5.65 0.258 43.9 rte orf 
6 2.845 8.0 0.307 52.2 6.53 
9 2.007 11.3 0.351 59.7 5.28 ea 
1% 4 1.410 16.0 0.425 _, 12.3 4.52 } 
1469 1.001 22.5 0.525 89.3 3.97 _ 
2066 0.711 31.8 0.632 107.4 3.38 : 
2845 0.508 45.0 0.823 139.9 3.11 j 
354. 0.356 63.5 1.038 176.5 2.78 ¥ 
4865 0.252 90.0 1.393 236.8 2.63 4 
65499 0.178 127.0 1.851 314.7 2.48 ; 
10% 59 0.126 180.0 2.504 * 425.7 2.87 ; 
1598 00 0.089 254.0 3.219 547.2 2.15 
200870 0.063 360.0 4.287 728.8 2.02 
— ee ee eee ae EE 


As the average size of —270-mesh product varies greatly with the 
manner Of crushing, the theoretical surface cannot be calculated, and 
the results are therefore not included in Table 1. The importance of 
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_ the finest material produced in a crushing or grinding operation is such 


_ that material finer than 200 mesh is considered separately. 


f The ratios of measured to theoretical surfaces are plotted in Fig. 1 
against the average size of particle. The data in Table 1 and the curve 


in Fig. 1 show a remarkable increase in the ratio of measured to theoreti- 


cal surface with coarser sizes; if these data are correct, an estimate of sur- 
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Average Particle Size, mm. 


Fig. 1.—RaTIO OF MEASURED TO THEORETICAL SURFACE OF CRUSHED QUARTZ. 
(Size of circle represents a possible error of 2.5 per cent. either way.) 


face based on a constant relation of sieve size is not possible. Although 
other crushed material or quartz, if crushed differently, may not show 
such a wide difference between the finer and coarser sizes, the results 
obtained are so unexpected that it is advisable to examine the data for 
their reliability and to discuss the reasons for this remarkable condition. 


RELIABILITY OF THE DATA 


The accuracy of the dissolution method was discussed in the first 
paper of this series. The present discussion refers more particularly 
to the reliability of the method when applied to coarse as well as to fine 
material. This will be discussed from two standpoints: 

(a) The measured surface on Ottawa sand; 

(b) The logarithmic relation of the measured surface to the aver- 


age size. 
The Measured Surface on Ottawa Sand 


If the dissolution method of surface measurement is reliable, deter- 
minations made on sieve sizes of perfect spheres or cubes should show 
a constant relation to the theoretical surface. Perfect spheres or cubes 
are impossible to obtain, but an approximation is found in the Ottawa 
sand, which is of high purity and consists of spheres fairly regular in 
shape, although not perfectly smooth. With such a sand, a surface 
value somewhat higher than the theoretical one, but with a nearly con- 
stant relation to it, would be expected. 
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the ratio of measured to theoretical surface is nearly a constant, wi 
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Ratio of Measured to Theoretical Surface 


Average Particle Size,mm. — 


Fig. 2.—RatTIO OF MEASURED TO THEORETICAL SURFACE FOR CRUSHED QUARTZ AND 
OTTAWA SAND. : 
(Size of circles represents a possible error of 2.5 per cent. either way.) 


perhaps a slight increase for the coarser sizes. As the dissolution method, 
then, gives surface measurements on various sizes of approximate spheres 


consistent with the theoretical surface of perfect spheres, this fact may 


be taken as a proof of its accuracy. In Fig. 2 the results obtained on the 
Ottawa sand are plotted in comparison to similar sizes of crushed quartz. 


TaBLE 2.—Data on Sieve Sizes of Ottawa Sand 


Average Size | Surface per | Initial Rat Surface pet |< Names 

Mesh of Facto, Riese of (ae ~: L “oe * Gram, Ss nee Theoretical 

3 Spheres, Sq. Cm. I; Re XX TOR Surface _ 
2068 Ont 31.8 0.255 43.4 doe 
2845 0.503 45.0 0.358 60.9 1.35 
3548 0.356 63.5 0.497 84.5 1.38 
4865 0.252 90.0 0.732 124.4 1.38 
65400 0.178 127.0 1.020 173.4 13% 
10% 55 0.126 180.0 1.386 235.6 1.31 
159600 0.089 254.0 1.923 326.9 1.29 


Logarithmic Relation of Measured Surface to Average Size 


In Fig. 3, the logarithm of measured surface (square centimeters per 
gram) is plotted against the logarithm of average size of particle (in 
microns) for various sieve sizes of crushed quartz and Ottawa sand. 

If these curves are extended into the range of finer sizes, the ultimate 
point will be that of a unit crystal of quartz. The unit of structure of a 
quartz is taken as the quartz triplet, a triangular prism having edges of 
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5. 4 A.and 4.9 A. On this basis, the calculated surface of the ultimate 

_ particles is 66,500,000 sq. em. per gram. 
From this datum, the point for the unit crystal is plotted in Fig. 3, 
and the curves for crushed quartz and Ottawa sand are extended to it. 


Logarithm of Measured Surface (q.cm.per gram) 


Unit Crystal 0.0005 microns 


"0 3.0 2.0 Ome 00st 10! 0.2 03 04 
Logarithm of Average Particle Size, microns 


Fig. 3.—LOGARITHMIC RELATION OF MEASURED SURFACE OF QUARTZ TO AVERAGE 
PARTICLE SIZE. - 


The Ottawa sand, due to its regularity in shape, gives points that lie in 
a straight line to the unit crystal point, but the points for the crushed 
quartz have a slight curvature. That these curves extend so nicely to 
the ultimate particle may be taken as further evidence of the accuracy of 
the surface measurements. 


Tue Hicu Ratio or MEASURED SURFACE ON COARSER PARTICLES 


An examination of the curves in Fig. 3 brings out the two points that 
the curve for Ottawa sand follows the theoretical curve, but that the 
curve for crushed quartz departs from it in the range of the coarser sizes, 
showing that with increased size in the particles of crushed quartz, a 
greater measured surface is obtained than would be expected. There 
may be two causes for this effect: (a) A change of configuration in the 
particles; (b) cracks in the particles. 


A Change of Configuration 


That quartz particles, as they become smaller, approach spheres in 
shape is a plausible theory. A gradually increasing irregularity with 
increasing size would account for a deviation from the theoretical line 
in Fig. 3. 


Cracks in the Particles 


Experiments indicate that the greater part of the increased measured 
surface on coarser particles is due to cracks or interior surface in the 
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quartz. Microscopic Pangontion of onighe dat quartz shoy 
increased number of cracks with the increased size o 
crushed quartz is treated with strong hydrofluoric acid the crac 
noticeable, Dissolution takes place within the cracks to such an. 
that finally a separation of the particle occurs. This action is slight 
finer sizes, but it is very pronounced on coarser sizes; this result not o 
verifies the conclusion from microscopic examination, but also shows tha t 
dissolution actually takes place in the cracks. 
A more definite proof that cracks result in a greater surface value was 
obtained by silver-coating crushed quartz. By this method no coating | 
is formed in the cracks, and the surface measurement represents only — 
exterior surface. A number of sizes of crushed quartz were silver-coated; — 
the results are given in Table 3. 


4 


TaBLE 3.—Data on Surface Measurements of Crushed Quartz by Dissolution — 
and by Silver Coating ~~ ie 


Theoretical By Dissolution By Silver Coating 
Gree or Inteie 
Mesh M d R f M d R f OY) 
= uae Guitare, Sah Pee to Suctanes: eal ences to ule 
Sa. Cm. " Cm. per Theoretical Cm. per Theoretical POSES 
Gram Surface Gram Surface 
*5%400 254 547.2 2.15 493.0 1.94 0.110 
65400 127; 314.7 2.48 252.9 1.99 0.244 ' 
3548 63.5 176.5 2.78 122.1 1.92 0.446 ‘ 
2068 31.8 107.4 3.38 59.1 1.86 0.817 
1004 16 G2ed 4.52 36.0 2.25 1.008 ; 
68 8 52.2 6.53 18.6 2.33 1.807 : 
34 4 34.2 8.55 9.4 2.35 2.638 ’ 


The results in Table 3 as plotted in Fig. 4 show that the outer surface _ 
measurements obtained by silver-coating follow the theoretical ratio 
closely; this indicates that there is little change in configuration of par- 
ticles of various sizes, but that the difference between measured and 
theoretical surface of crushed quartz is due almost entirely to 
internal surface. 

The dissolution method of surface measurement, therefore, takes into 
account not only the outer but also the internal surface or cracks. It is 
not known to what extent this internal measurement approaches com- 
pleteness, and no method of ascertaining it appears to be available; the 
only statement that can be made is that internal fractures increase 
the amount of surface measured in dissolution, and that judging from the 
rapidity of the disintegration of coarse quartz particles in strong hydro- 
fluoric acid, a fairly high percentage of the internal fractures is measured. 
As these fractures represent work already done on the particles, it is 
proper that their surface, as well as the outer surface, should be measured. 


confirms this. 


rd 
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The Ottawa sand curve which parallels the theoretical one in Fig. 3 
indicates a lack of internal fractures, and microscopic examination 


Ratio of Measured to Theoretical Surface 


Average Particle Size, mm. 


Fie. 4.—EFPrEcT OF FRACTURES (CRACKS) ON SURFACE MEASUREMENT OF QUARTZ BY 
: THE DISSOLUTION METHOD. 
(Size of circles represents a possible error of 2.5 per cent. either way for dissolution 
and a possible error of 5 per cent. either way for silver coating.) 


The Minus 200-mesh Material 


Although the ratio of measured to theoretical surface is very large 
for the coarser sizes of quartz, this fact is not of great importance in the 
study of crushed or ground products. The —200-mesh material, because 
of its large surface, usually represents the major part of the work in 
crushing; it is, therefore, of greater importance to measure and study 
the finer sizes of a crushed product. 

It has been the custom to assume that —200-mesh material has an 
average size of 37 microns, the mean between the opening in the 200-mesh 
sieve and zero. From Fig. 3 the average size of a sample of crushed 
quartz may be obtained when the measured surface has been determined. 
The lowest and highest values obtained so far for —200-mesh crushed 
quartz is 2043 sq. cm. per gram and 7055 sq. cm. per gram respectively; 
the average sizes of the particles, as taken from Fig. 3, were 18 microns 
and 5 microns respectively. These figures show that an assumed value 


- of 37 microns for such material is seriously in error. 


The —200-mesh quartz which gave the 5-micron average size was 
obtained from one of the experiments made by A. M. Gaudin,? who 
estimated the average size as equal to 2 microns. Gaudin’s figure makes 
the assumed average of 37 microns appear still more incorrect. 

The foregoing discussion on —200-mesh material indicates that a 
great deal of useless work may be represented by material finer than that 
necessary for metallurgical requirements. If a product is desired that 
just passes a certain mesh, the ideal crushing is that which produces just 
this size and no smaller. From Fig. 3, the surface of 1 g. of crushed 


3A. M. Gaudin: An Investigation of Crushing Phenomena. Tons. A. I. M. E. 
(1926) 73, 253. 
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quartz of this size may be found. The surface having been determined on _ 
material finer than the desired size, an index of the useful work performed _ 
may be obtained.* If S’ = the square centimeter of surface simi 
and S = the square centimeter of surface for ideal crushing, then eer 

= the index of useful work where 100 represents a product containing no 
particles smaller than the size desired. 

Considering the smallest and largest measured surfaces obtained on — 
—200-mesh quartz—that is, 2043 and 7055 sq. em. per gram—this 
formula gives an index of useful work of 30 per cent. and 8.8 per cent. 
respectively. The latter figure indicates a large amount of useless work, 
if particles of 74 microns are fine enough. 


SUMMARY 


The calculation of surface for quartz based on average size as obtained 
by sieve sizing is subject to serious error. Surface measurements of sieve 
sizes of crushed quartz show that the ratio of measured to theoretical : 
surface is large for coarser particles and gradually diminishes as the 
particles become finer. This difference is due almost entirely to frac- 
tures,. the surfaces of which are measured in part, and probably to a 
large extent, by the dissolution method. 

The surface measurements of sieve sizes of Ottawa sand show a fairly 
constant ratio of measured to theoretical surface, because this sand is 
practically free from fractures. The outer surface of sieve sizes of 
crushed quartz also shows a fairly constant ratio of measured to theore- 
tical surface. The graph showing the logarithmic relation between 
surface per unit weight and size of particle may be extended to the unit 
crystal of quartz as a slight curve for crushed quartz and as a straight line 
for Ottawa sand. From this graph the average size of particles may be 
obtained for any sample of quartz after the surface has been determined. 

The constant relation of the measured to theoretical surface for 
Ottawa sand and for the outer surface of crushed quartz, and the exten- 
sion to unit crystals of the logarithmic relation of surface to size of 
particle, are considered as further evidence of the accuracy of the dissolu- 
tion method for surface determinations. 

The —200-mesh material is of greater importance than the coarser 
sizes in the study of crushing and grinding operations. The average size 
of particles in a —200-mesh crushed product is usually much smaller 
than 37 microns. 

Much of the work in crushing and grinding is expended in producing 
finer material than-is required. By the measurement of surface of 
crushed material, an index of the useful work may be ascertained. 

[For discussion, see page 44.] 


a The third paper of this series, page 35, gives the evidence that surface produced is 
a direct measure of work expended in crushing. 
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: Crushing and Grinding, I1I.—Relation of Work Input to 
b. Surface Produced in Crushing Quartz* 


. By Joun Gross{ anp S. R. Zimmertey,t Sarr Lake Crry, Uran 


(New York Meeting, February, 1929) 


_ Tue method of measurement of surface on quartz particles was given 
in a previous paper. With such a method the relation of surface 
produced in crushing quartz can be compared to the work in crushing 
without recourse to sieve sizing or microscopic measurement. 

In crushing, the work input must be known with a fair degree of 
accuracy. With crushers, rolls, ball mills, and similar apparatus the 
measurement of the work in crushing is subject to possible errors, due 
to friction in the transmission as well as in the machine itself. - Moreover, 
relatively large quantities of material must be crushed to get an average 
figure. In the selection of a method of crushing, simplicity in design 
and operation was desired and this was most readily obtained by the 
use of a free-falling body. A description of the apparatus embodying 
this principle is given herewith. 


THE CrusHING DEVICE 


The apparatus used is shown in Fig. 1 and in cross-section in Fig. 2. 
The material to be crushed is placed in the crushing chamber C in 
the steel mortar M. The mortar is 3 in. dia. by 3 in. high. Two mor- 
tars are used, one having a crushing chamber 1 in. dia. by 14 in. deep, 
with a capacity of 4 g. of quartz, the other having a crushing chamber 
114-in. dia. by 34 in. deep, with a capacity of 12 g. of quartz. The 
position of the mortar is adjusted by means of three centering screws A. 

The steel plunger P, which fits neatly into the chamber, is placed on 
top of the material to be crushed. Plungers of different lengths were 
tried and as they were found to give practically identical results the 
length adopted was equal to the depth of the chamber. 

The mortar rests on a solid steel base B but is separated therefrom 


* Published by permission of the Director, U. 8S. Bureau of Mines. 
t+ Metallurgist, Intermountain Experiment Station, U. 8. Bureau of Mines. 
+ Assistant Metallurgist, Intermountain Experiment Station, U.S. Bureau of Mines. 
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of Quartz Particles. (See page 7.) This method is based upon the rate of dissolution 
of quartz in hydrofluoric acid. The initial rate of dissolution is a measure of the 
surface and is designated as I. R. 
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block 6 in. dia. by 8 in. high, set on a concrete column 3 f 
aluminum wires prevent rebound of the ball and by their deformation, — 
or flattening, give the measure of work not used in crushing. _ Ae 
The weight, a steel ball, is supported by a cord at the desired height. 
An adjustable crossbar, which can be raised or lowered, allows the cord 
to rest in the center line of the apparatus. When — 
_. the ball is perfectly quiet the cord is cut just 
‘above the crossbar. By cutting the cord at this © 
point the ball is not thrown out of alignment. — _ 
The apparatus is built to give a maximum fall 
of 60cm. The weight of the balls used was 1.360, 
2.050, and 2.935 kilograms. 


Net Work GoIne To CRUSHING 


With a definite weight and a drop of definite 
distance, a definite amount of work is delivered 
upon impact. If the mortar rests solidly on the © 
base a rebound of the ball takes place, the measure 
of which represents loss of work. Attempts to 


Fie. 1.-—CrusHine Fig. 2.—Cross-SECTION OF CRUSHING APPARATUS. 
APPARATUS. 


measure accurately the rebound of the ball proved to be difficult and 
cumbersome. The best method was that of taking photographs with an 
exposure covering the total time of rebound. The photograph showed 
the path of the ball with its highest point of rebound,and by means of 
a scale this could be meaured and a relationship obtained to the work 
input. While the photographic method could have been used, it was 
not desirable when hundreds of crushing tests were to be made. As it 
was not always possible to obtain a satisfactory photograph, repeat crush- 
ings would often have been necessary, with the attendant delay. 

If an inelastic substance, which will readily deform, is placed between 
the mortar and base, no rebound of the ball takes place and the deforma- 
tion gives a means of measuring the transmitted downward forces. 
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The selection of the deformable substance depends on the force of impact 
by the falling ball; it must deform sufficiently to prevent rebound and 
must resist sufficiently to give as high an efficiency in the utilization of the 
work in crushing as possible. 
After many trials with lead shot, fuse wire, aluminum wire and copper 
wire, aluminum wire was selected Beeatse it fulfilled all the requirements 
_ and could be obtained in dependable uniformity. Three aluminum wires, 
3.232 mm. dia., cut to lengths of exactly 1 cm., are used. These are 


al 
So 


e 2.050- 


° 2.935-kg. ball ( /-t7. mortar) 
+ 1.360-kg. ball (1-in.rrortar) 
x 2 0504, ball C Mei. mortar) 
g.ball (/-ir7. mortar) 

~ 2.050- ue ball (/-in.mortarJusing 
successive drops 
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Measurement after Deformation, mm. 


0 10 


20 


30 40 50 60 
Work in Kg.Cm.ot Plunger 


-1 80° 90 


Fia. 3.—WoRK IN KILOGRAM-CENTIMETERS AT PLUNGER FOR DEFORMATION OF THREE 
1-cM. ALUMINUM WIRES 3.232-MM. DIAMETER. 


placed radially 120° apart between the mortar and the base. 


From the 


deformation of these wires the work not expended in crushing is obtained. 
A portion of the work resulting from the impact of the falling ball 
accomplishes a certain deformation of the three aluminum wires between 


the mortar and the base. 
work of the falling ball if no crushing is done. 


This deformation is a measure of the total 


If crushing is done, the 


deformation is a measure of the work not utilized. 


CALIBRATION OF THE WIRES 


The relation of the deformation of the wires to the total work when 
no crushing is done gives a smooth curve. 
was obtained for aluminum wires where the weight of ball and the height 
of drop were varied, and also where successive drops were made on the 


same set of wires. 


Such a calibration curve 


Two different mortars were also used. This calibra- 


tion curve is shown in Fig. 3, the points of which are averages of all 
In this table all of the deformation figures 
obtained are given to show the close agreement under varying condi- 


experiments in Table 1. 


tions. 


This curve was used in all crushing experiments. 
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PROCEDURE FOR THE CRUSHING TESTS 


The amount of quartz to be crushed is accurately weighed to within 
0.1 mg.; it is placed in the crushing chamber, leveled evenly on top of 
_ charge, and moistened with absolute alcohol, and the plunger is set. in 
place. The mortar is carefully placed upon the three standard aluminum 
' wires. The exact position of the mortar is maintained by a previous 
adjustment of the three centering screws. 

The ball is now suspended, the height of drop being measured by 
means of a gage. By anchoring the suspending cord, the ball is held 
securely in place and is allowed to come to complete rest. A cylindrical 
apron is placed around the mortar to catch any material that may be 
_ thrown outward. The ball is allowed to drop by cutting the cord just 
above the crossbar. The mortar is taken up, the plunger removed and 
brushed clean, and the chamber cleaned out. 

The function of the alcohol is to prevent dust loss; it evaporates 
rapidly enough so that the removal of the crushed material from the 
chamber is not unduly prolonged. As the surface measurements are 
based on the weight of the material before crushing, dust loss may be a 
serious item. To prevent this the alcohol moistening was introduced, 
which keeps the loss down to less than 0.10 per cent. in weight. 

The deformation of each of the three standard aluminum wires is now 
measured by micrometer and averaged. The work represented by this 
deformation is obtained from the calibration curve. 

The figures obtained in duplicate experiments for net work going 
to crushing check remarkably closely. <A poorly centered drop is imme- 
diately noticed by the unequal deformation of the wires. As six or more 
samples are required for the measurement of surface by the dissolution 
method, a sufficient number of crushings under identical conditions 
must be made for each experiment. In some experiments each individual 
crushing was taken as a sample for dissolution and in others two crushings 
were combined. In two experiments a large number of crushed samples 
were combined, sized by sieves, and the surface determined on the several 
sieve sizes. 


SurFACE DETERMINATION ON MIXED SIZES 


As the surface determinations were to be made on the crushed samples 
without sizing it was desirable to ascertain whether a mixture of sizes 
gave an accurate surface measurement. This investigation covered 
material within the sieve range and material finer than the sieve scale. 

A composite sample of crushed quartz was prepared from sieve-sized 
samples, the results of which have been given previously.? The data 


2J. Gross and S. R. Zimmerley: Crushing and Grinding, II.—Relation of 
Measured Surface of Crushed Quartz to Sieve Sizes. See page 27. 
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A similar experiment was made on —200 crushed quartz which ist; ay 
been separated into four products by elutriation, surface determination 
having been made on each elutriation product as well as on the original — 5 
—— The results are given in Table 3. Three surface determina- _ 
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TABLE 3,—Data for Elutriation Products of Minus 200 Crushed Quisets 2 
$e 


Product — { 
Surf. 8 S 
CLG mec Not Rising in Per Cent. An Wey Sle x 
R U d a Initial Rat C Surf rE 
wmgingret | Shewan | Waste | MUA | coo de | Sint wees 
Mm. Per Second 
(200 mesh) 1.92 45.91 5.370 913 41,916 
1.92 0.48 © 36.05 12.375 2,104 75,849 
0.48 0.12 8.45 31.080 5,284 44,650 
as 0.00 9.58 128.703 21,880 209,610 
IAVETARES tai 21.882 3,720 372,025 . 


tions on the original —200-mesh material gave 3609, 3711, and 3754 
Sq. cm. per gram, an average of 3691, checking the surface obtained by 
the individual I. R. determinations within 0.8 per cent. 
of the two preceding experiments indicate that a mixture of sizes gives 
accurate results and that the surface may, therefore, be measured directly 
on the crushed material without recourse to sizing. This was further 


verified in crushing experiment I, results of which are given later, in 


The results 
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- which the average surface obtained by the individual I. R. determina- 
_ tions on each size was 343.4 sq. cm. per gram and the determination on 


the composite sample was 337.1 sq. cm. per gram, a difference of 1.8 


4 per cent. 


THE CrusHING TESTS 


Crushing tests were made with quartz of various sizes, with different 
amounts of quartz, with different work input and with different crushing 


mortars. The various experiments made are reported herewith in 


Table 4. In the last column of this table the new surface produced 
per kilogram-centimeter of work input is given; these figures fall within 


_ the allowable error by the Chauvenet criterion. They show that in the 


machine used, 17.56 sq. cm. of quartz surface is produced for each 
kilogram-centimeter of work input in crushing. 


0 5 10 15 20 (4) 30 35 49 45 50 
Kg.Cm. per Gram of Quartz 


Fig. 4.—RELATION OF WORK INPUT TO SURFACE PRODUCED IN CRUSHING QUARTZ. 
(Size of circles indicates a possible error of 2.5 per cent. either way.) 


The results are shown in Fig. 4, the work expended in crushing 
being plotted against the new surface produced. These points fall 
very close to a straight line going through zero. It follows, therefore, 
that these tests show that the Rittinger law, “‘The work of crushing is 
directly proportional to the new surface produced,” is correct. 

It will be seen from Fig. 4 that the points for experiments I and K 
are farther from the straight line than the others. This is to be expected 
from the nature of the experiments. In all of the experiments except 
I and K dissolution tests were made directly on the crushed products 
and were based on the original weight of material. Any loss in weight 
during crushing, therefore, is counted as dissolved silica in the dissolution 
test. In experiments I and K the crushed products from a large number 
of individual crushings were combined and sieved. Dissolution tests 
were then made on weighed portions of the sized products. It may be 
presumed that crushing and sizing losses are largely made up of very 
fine dust with a high surface value per unit weight; this would result 
in an I. R. value somewhat too low for experiments I and K. 


CRUSHING AND GRINDING 
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The close agreement obtained in the experiments as to the surface 
produced per kilogram-centimeter would indicate that, if dust loss is 
carefully controlled, reasonably reliable results are obtainable either by 
counting the dust loss in crushing as silica dissolved in the dissolution 
test, or by adjusting losses in the sieve analysis and determining the I. R. 
value on known weights of sized material. . 


EFFICIENCY OF CRUSHING 


Two investigators on the subject of crushing, Gaudin® and Martin,‘ 
have estimated the absolute efficiency of crushing. Their calculations 
have been based on the surface energy of quartz. They assume the 
surface energy to be the minimum work theoretically necessary to produce 
a unit of surface by crushing. Gaudin, using Edser’s value as 920 ergs 
per sq. cm., found that in crushing with rolls 1.3 per cent. of the energy 
input was represented by the surface produced. Martin calculated the 
surface energy of quartz to be 147 ft-lb. per sq. ft., which is about 310 
ergs per sq. cm. Using this value he found that his ball milling tests 
showed an efficiency of 14¢ per cent. 

In this investigation it was found that 1 kg-em. of work produced 
17.56 sq. em. of surface which, when computed on a basis of Edser’s 
surface energy, gave an efficiency of 3 per cent. and upon Martin’s value 
an efficiency of 1 per cent. Although 3 per cent. efficiency may be small, 
it is large compared with the 14 per cent. reported by Martin. 

As the values for the surface energy of solids are unsatisfactory at 
present, some doubt is cast on the value of theoretical efficiencies. The 
foregoing efficiencies indicate that a large portion of the energy input 
in the crushing operation is dissipated in the form of heat. If it had. 
been experimentally feasible to measure accurately the heat generated 
in the crushing experiments it would have been possible to calculate the 
amount of energy represented by the increased surface of the quartz. 
An absolute figure for efficiency and for the relationship between this 
energy and surface produced would have been obtained. However, in 
a crushing operation the only practical point is the relation between power 
input and crushing accomplished, which has been the object of this 
investigation. 


DISTRIBUTION OF THE WoRK IN VARIOUS SIZES OF CRUSHED QUARTZ 


As the results indicated, the work done in crushing is proportional 
to surface. The distribution of work input for the various sizes in experi- 
ments I and K can be calculated. The results are given in Table 5. 


3A. M. Gaudin: An Investigation of Crushing Phenomena. Trans. A. I. M. E. 


(1926) 73, 253. 
4G. Martin: Grinding in Ball and Tube Mills, Trans, Inst, Chem. Engrs. (1926) 


4, 42. 


TABLE 5. Distribution of Work E: 0 
dea Experiment 1—296 Grams of 20 


Surface, Sa. Cae 


Sieve Size, Wigan ; 
Crushed Original 
| Product Material 
+28 124.888 14,137 12,165 
a) 284. 76.456 9,205 7,447 
3545 31.713 5,220 3,089 
— 48400 35.492 10,069 3,457 
10% 00 14,287 8,090 1,392 
—200 13.164 54,936 1,282 


‘Potalsic. os ctr ctiel 296.000 101,657 28,832 


Crushing Experiment K—108 Grams of 65 to 100-mesh Quartz 


+200 88.301 | 34,287 32,654 | 1,633 4.7 
— 200 19.699 | 40,253 7,285 | 32,968 95.3 
PROLAISE troche ec otae rete | 108.000 | 74,540 | 39,939 | 34,601 | 100.0 


The results of these two experiments indicate that a large amount of the 
work expended in crushing goes to making material finer than 200 mesh 
and that, as pointed out in the second paper of this series, the study of the 
—200-mesh material is a very important part of the crushing and grind- 
ing problem. 


SUMMARY 


A crushing device has been developed whereby the net work input to 
a crushing operation can be accurately determined. 

Surface determinations may be made on a crushed quartz sample as 
such a measurement has been shown to be equal to the sum of the mea- 
sured surfaces of the component sizes. ¥ 

The data show that when crushing quartz the new surface produced 
is in direct proportion to the work input in accordance with the Rittinger 
law of crushing. 

Surface measurements show that the major portion of the work 
expended, even in comparatively coarse crushing, is represented in the 
— 200-mesh material. 

DISCUSSION 


[This discussion refers also to the second paper in the series, which begins on page 27.] 


J. H. Barcuetier, Corvallis, Ore——When I was with the Tomboy mill in Colorado 
there was a difference in the hardness of quartz in different parts of the mine. We 
got more wear out of quartz from certain levels than we did from others, and most 
of our quartz had threads of rhodonite running through it. When we shut down the 
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{ Siding mills and examined the pebbles, the rhodonite was softer than the quartz. 


The amount of wear where the rhodonite had cut down below the surface of the quartz 
was deeper in some cases than in others. That raised the question in my mind as 


_ to which was the failing one; whether the rhodonite was softer in one case than 


another and the quartz was standard, or the rhodonite was standard and the quartz 
varied. To offset that question about the softness of the rhodonite, we did find the 
quartz varied. On the labor in crushing quartz, do the authors feel that they have 
a stock sample of material of such quantity and consistency that there is no differ- 
ence in the behavior of the quartz? 


J. Gross.— Yes. 


C. E. Locxr, Cambridge, Mass.—I was shown the carefully guarded, stored away 
sacks of their picek of quartz, which I do not think they allow ordinary individuals 
to see for fear that it might be removed. That is very precious. 


J. @inoss—=There would be a difference in hardness or crushing resistance of differ- 
ent quartz, but we have been working entirely on quartz from northwestern Utah, 
and as far as we can tell, it is absolutely the same all the way through. We send for 
4 or 5 tons at a time, crush it down to the size we want, sort it and store the different 
sizes for making up head charges on our crushing tests. This we do by combining 
definite weights of the different sizes so as to be sure that all our heads are the same. 
I think all our quartz is the same hardness with the exception of coarse material. 
Material of 14 in. dia. will crush more easily than material of 100 mesh, for example, 
for the simple reason that a considerable amount of crushing has already been done 
on the coarse material, as evidenced by cracks, the surface of which accounts for the 
relatively large surface figures for coarser material. 


‘A. M. Gauvpin, Salt Lake City, Utah (written discussion).—The three papers 
by Gross and Zimmerley reflect much credit on their authors for the thoroughness 
with which the investigation has been conducted: The exacting attention paid to 
details, however small they be, should constitute a model for accurate fundamental 
research. The outstanding result of this work is the vindication, on an apparently 
sound basis, of the so-called Rittinger law of crushing, which calls for the production of 
new surface in proportion to the work input. 

Many investigators have attempted to test the validity of the fundamental law 
of crushing, but with the exception of some recent work, they have leaned to reasoning 
out the respective advantages of the Rittinger or the Kick law rather than experi- 
menting, or else the value of their experimental data has been substantially destroyed 
by the inaccuracy of the estimates of area on the finer portions of the feed and ground 
product. In view of the frequently enormous errors involved in the estimation of 
the surface contained in the —200 mesh material, the recent conclusions of Haultain, 
Martin, Gaudin, and of Gross and Zimmerley stand practically unchallenged as 
vindiecations of the Rittinger theorem. 

. The authors are justified in stressing the importance of sizing the —200 mesh 
portion of crushed products in any attempt to ascertain the work done in crushing 
or in determinations of crushing efficiencies. 

It is with pleasure that I note the apparent concordance between my estimate of 
2 microns and Gross and Zimmerley’s determination of 5 microns, as the average 
size of a certain —200-mesh ball mill product. In reality these estimates are quite 
different, the surface per gram indicated by the authors’ measurements being but 
40 per cent. of that obtained from my calculations. While I am not at all convinced 
that my calculation is not off by a considerable amount, it seems desirable to call 
attention to a factor entering in Gross and Zimmerley’s dissolution method which 


3 


‘When the same set of conditions is applied to very fine material, there resultsa marked 


may be influencing their results in such a way a ndica 
smaller specific surface, or smaller initial rate (I. R.) thai 

possibility of error is restricted to fine material only, let us say materia 
microns or so. In this connection it is desirable to note that the authors’ expe: 
mental conditions were designed first for material that is coarse when compared wi 
1-micron particles. In other words, the concentration of hydrofluoric acid in 

solution, and the proportion of solids to solution, were so selected as to dissol 


conveniently measurable amount of silica in }4 to 2 hr., yet keeping this amo nat 2 i 


sufficiently small not to deplete the hydrofluoric acid solution to too great an extent. 


disappearance of fine grains in the first few minutes of dissolution, due to the fact — 7 
that the statistical thickness of silica removed on each grain hardly affects the diameter _ 
of a coarse grain yet dissolves completely a fine grain. “oc 
Under the experimental conditions employed by the authors, the silica shell 
dissolved in 14 hr. is of the order of 14 micron, so that all grains under }¢ micron are 
completely dissolved in that time. It is true, of course, that reduction in size of the 
coarse grains has brought them to take the place of the fine grains, but this substitution 
is far from being quantitative, as can be seen by an inspection of Table 6, taken 
from Lincoln T. Work’s dissertation, recently submitted for the doctorate at 
Columbia University. ; : 


TABLE 6 
(As given by Lincoln T. Work) 
Sizm Ranee, Microns NuMBER OF PARTICLES PER UNIT, WEIGHT PER MICRON 
0 -0.58 69,800,000 
0.58-1.16 7,680,000 
1.16-1.74 3,680,000 
174-2 32 1,232,000 
2.32-3.48 255,000 
3.48-4.64 81,200 
4.64-6.96 16,300 


In view, of the rapidly expanding number of grains per unit range in size, with 
decreasing size, it is clear that there is a reduction in the surface of the quartz sample, 
as time progresses, not only due to reduction in the diameter of the grains, but also 
due to complete dissolution of the finer grains. Reduction in surface due to disappear- 
ance of grains in an unsized feed containing, presumably, material ranging in size 
down to unit crystals, decreases rapidly with time; being, perhaps, enormously large 
during the first few seconds and comparatively negligible after a few minutes. If ’ 
such a condition does exist, and it may, the extrapolation method of Gross and 
Zimmerley may give an initial rate (I. R.) that is substantially too low, even though 
their extrapolation be entirely justified under other cireumstances. 

It would seem as though the use of much more dilute hydrofluoric acid solutions, 
with a proportionately greater amount of solution, would help establish the possibility 
of error in the I. R., as determined under the usual conditions. It is realized, however, 
that there are limitations to all methods, and such experimental conditions may be 
analytically unsuitable. : 

In his discussion of the first paper (p. 22), Professor Taggart stated that there is a 
rather definite minimum size of particles in a suspension of ground quartz in water, 
and he places the minimum size near the limit of visibility of the microscope; that is, 
near 0.5 micron. 

The paper by Dr. L. T. Work contains some figures which, at first sight, support 
Professor Taggart’s contention. Thus, Table 2, page 22, indicates that in the size 
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_ range below 0.58 micron there is 0.38 per cent. of ground quartz for an interval of 1 
_ micron, whereas in the size ranges from 0.58 to 1.16, 1.16 to 1.74 and 1.74 to 2.32 
f microns, the amounts are respectively 4.53 per cent. per micron, 3.08 per cent. per 
‘ micron, and 4.71 per cent. per micron. Less striking, but equally obvious figures are 
__ found in other parts of the paper by Dr. Work. It must be noted in this connection 
_ that the range below 0.58 micron corresponds to that in which the resolving power of 
. microscopes disappears because the wave length of light is too large for the objects 
' under inspection. Dr. Work himself says that 0.25 micron is the minimum size that 
: can be detected under the microscope (p. 24). Furthermore, it is likely that this 
__ restriction (0.25 micron) is not a rigid one. Since grains generally lie on the micro- 
scope slide with their smallest dimension at right angles to it, and the dimension deter- 
mined by Work corresponds to some intermediate value between the largest and the 
intermediate diameter (p. 19), it is quite possible that the majority of grains just 
__ smaller than 0.5 micron (as measured by Work) are invisible because of thinness, or 
~ small intermediate dimension. 

It should be considered, as was rightly done by Work, that ‘“‘the count in the lowest 
size range may be low, as the limits of visibility were close” (0.59). Unless otherwise 
supported by experimental evidence, it would seem proper, therefore, to consider that 
unsized pulverized materials do contain grains finer than 0.5 micron, including grains 

fine enough to approach unit crystals. 


E. A. Hmrsam, Berkeley, Calif. (written discussion).—These papers on crushing 
and grinding fulfill a demand of milling to confirm a fundamental principle, the 
confusion of which, for a long time, has retarded advancement of the development of 
efficiency in crushing. It has been recognized for a long time that crushing is essen- 
tially the act of producing new surface by rupture. It has been shown that the meas- 
urement of crushing is the measurement of new surface, counting as energy lost 
all that which is expended without producing new surface. No research before has 
shown this relationship between energy and surface so convincingly, nor have obser- 
vations been secured under conditions so carefully controlled and measured. Surface 
measurement by screening has been too rough to furnish the precision exacted. From 
now on, it becomes possible to develop standards of efficiency that have lain in wait 
for the costly and enterprising piece of research that this is seen to be. With this 
accomplished, the most appealing part of the progress can begin. Costs thus far in 
experience and experimentation are as nothing compared with the economies that can 
come to industry. Great practices, in which crushing, grinding and pulverizing are 
the items of major expense, are multiplying rapidly under the new requirements and 
in the light of newly discovered possibilities. Such developments will appear in increas- 
ing succession not only in lixiviation but in flotation, in cement manufacture and in 
many branches of milling. The practice of tomorrow can be appraised on a basis 
that is now reclaimed from the region of dispute. 


F. Tartaron, Clarkdale, Ariz. (written discussion ).—In the methods of verification 
of the solution process of determining surface, the authors have not, in the opinion 
of the writer, proved their case absolutely. The evidence given supports their con- 
clusions with a high degree of probability, but lacks scientific rigidity. The writer, 
however, does not wish to argue this, but would much rather present a method, which, 
he believes, proves or disproves absolutely their basic assumption—7. e., Wenzel’s 
law—that the reaction velocity between a solid and a liquid is proportional to the area 
of contact. The difficulty with Wenzel’s law is that nothing has been said concerning 
a possible change in rate of solution with change in size of particle. Small spherical 
fea aelaniearee Meerinny.; Pemeiie, aN Sier eh ee nO eee 


5%, A. Hersam: Measurement of the Work in Crushing. Jnl. Franklin Inst. 
(1923) 196, 95-104. 
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- Since an edge may be considered as a place of abrupt curv 


particles have greater curvature than 
a marked increase in the ratio of edge len 


the same condition as with spheres, that is, increasing curvat 
It is possible that rate of solution is not only a function of quanti 
of curvature of surface. = B q 
The following method appears satisfactory for settling this point. Assume two — 
particles A and B placed in contact with the same reacting liquid at the same I 
Particle B is smaller than A, hence has less surface. Suppose that surface A is twice ‘ 
great as surface B the instant they come in contact with the liquid. Let usnowcon- | 
sider a surface layer one molecule deep on each particle (as indicated by the dotted — 
lines). Since A has twice as much surface as B, there are twice as many molecules 
in the A layer as in the B layer. But since, according to Wenzel’s law, the quantity 
dissolving at any instant is directly proportional to surface, __ 


the.A layer will be removed in the same interval of time as ; : 
Cc! the B layer. Two new surfaces are now produced which 
A B stand in a different ratio. To be concrete, let us assume _ 


this ratio to be 2.1/1. But now the rates of solution will 
Fra. 5. adjust themselves in the same ratio. Thus the new © 
molecular layer on particle A will have 2.1 times as many 
molecules as the new molecular layer on B but the A layer will dissolve 2.1 times as 
fast. This indicates that equal reductions in size take place in equal intervals of time, 
if Wenzel’s law is unaffected by difference in size. 

Now let us take a single particle in contact with the reacting liquid. The surface 
molecular layer will dissolve in a certain interval of time, leaving a smaller particle 
with less surface. The rate of solution, however, will always adjust itself to the new 
surface so that each molecular layer is dissolved off in the same interval of time. 
Hence, we reach the conclusion that there is a straight-line relation between the diam- 
eter of a particle dissolving in a liquid and the time of solution, expressed as follows: 


—D=kT 


the minus sign being used because D decreases as 7’ increases. 

The two interfering factors of internal surface and change in concentration of 
solution can be easily minimized; the first by using Ottawa sand, the second by taking 
a large enough bulk of liquid with respect to the quantity of quartz, so that the change 
in concentration becomes negligible. The figures in the first paper show that for the 
usual case, in which 25 ¢.c. of the standard HF solution were used and 50 mg. of 
quartz dissolved in 2 hr., the change in concentration is approximately 3.5 per cent. 
By using 250 c.c. of standard HF solution (which the authors used in some cases) this 
change in concentration can be reduced to 0.35 per cent., which certainly is negligible. 

We can, therefore, take the relation, —D = kT as experimentally realizable as well 
as theoretically true. We know that 


Surface = k’D? 
hence by using this and the preceding relation we get: 
S = —(k"'T?) 
Now taking the logarithm of each side, we have 
log S = —(log k” + 2 log T) 


Thus, we have a straight-line relation between the logarithm of surface and the 
logarithm of time. We can measure time accurately, the equation is true if Wenzel’s 
law is true, hence the measurements of surface must check this relation. 
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DISCUSSION 


‘Another extremely aidste method, but involving the unverified assumption made 
by Gross and Zimmerley that the true average size of particles between two screen 
sizes is the arithmetical average of the screen sizes, is as follows: Surface = kD?. 
Taking logarithms of both sides, we have: 


log S = log k + 2 log D 


Hence heres is a straight-line relation between the logarithm of surface and that of 


diameter. This, of course, applies only to Ottawa sand, having no internal surface. 
Referring to the graph given on page 31 of the second paper, we find that this relation is 
realized. This is another piece of evidence in favor of the method, but it is not scienti- 
fically rigid (though extremely probable), because it is based on the unverified 
assumption that for the sizes taken, screen averages give the true average diameter 
of the particles. 


J. Gross anp S. R. ZimMERuEy (written discussion).—Mr. Tartaron’s discussion 
brings up some interesting points that have also been noted by Professor Taggart in 
his comments on the extremely fine material, although perhaps from a different angle. 


The change in specific dissolution rate of particles in which the percentage of edge. 


and corner atoms becomes appreciable has been taken up in the reply to Professor 
Taggart’s discussion (p. 22). The calculations given show that for a cube 0.01 micron 
in size only 5 per cent. of the atoms are more active on account of edge positions. 
This size is far beyond microscopic visibility and to maintain a proper perspective we 
should remember that the limit of surface calculations, in previous attempts to verify 
Rittinger’s law, has been the 200-mesh particles, which have a diameter 7400 times 
that of the limiting one discussed. 

Mr. Tartaron has given an expression which states that a straight-line relation 
exists between the logarithm of surface and logarithm of time. At one time, we 
considered a method of surface measurement based on the time required to dissolve a 
definite amount of silica. This could be done by interpolation on a cumulative curve. 
Such a method, however, would require the determination of K, the accuracy of which 
would depend on surface determinations. It is true that a straight-line relation exists 
between the logarithm of surface and the logarithm of time as long as no change of 
surface takes place; this change of surface may be ignored with coarse material but 
with fine material the change in surface may be very great, hence the change in rate of 
dissolution may be great. As the determination of the initial rate is dependent on 
this change of rate, we felt that the I. R. value would give a more accurate surface 
figure. 

Mr. Tartaron also points out the relationship between size of particle and surface 
and the possibility of a method of surface measurement based on this relationship. 
Such a method would ignore interior surface and would involve the measurement of 
particles, an impossibility with fine particles. 

The excellent understanding of the problem as shown by Professor Gaudin’s 
discussion makes his support of the work in general a matter of considerable satisfac- 
tion to the authors. The difference in the estimates of Gaudin and ourselves on the 
200-mesh material mentioned may be due in part to the failure of the extrapolation to 
completely compensate for a more rapid dissolution of the very fine particles during 
the first minutes of the test. It should be pointed out that this could only apply to the 
finest grade separated, —200 or 400 mesh from sieve sizing, or to finest elutria- 
tion product. 

Professor Gaudin suggests the use of a larger amount of solution or a more dilute 
solution for the dissolution of the finest product. The use of a larger quantity of 
solution brings in experimental difficulties but the results give a flatter curve more 
easily extrapolated. The use of more dilute solutions also gives a flatter curve. The 
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_ While we realize that our extrapolation on ae sEete di 
- it may also be possible that Gaudin’s extrapolation is too h 
average of size lies somewhere between. - 
_ As pointed out by Professor Hersam, the work so far opngeieas t 
ail foundation for the study of crushing and grinding efficiencies. I 
ing efficiencies it is necessary to know two things: the work put 
> the work represented by the product. : 

; We have a small ball mill equipped with an integrating eae -read 
‘adapted from one used by Prof. H. E. T. Haultain, which measures ihe pow ; 
the mill, approximately 95 per cent. of which goes to the balls. This gives ra 

; accurately the work going into the operation. The surface measurement of the prod- 
. uct gives the work represented by the product. From these two factors we get 
efficiencies. This work is now in progress. 
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A Laboratory Investigation of Ball Milling* 


_ By A. M. Gow,t A. B. Campsenit anp Witt H. Coauimt,§ Ronua, Mo. 


(San Francisco Meeting, October, 1929) 


Tue trend in ball milling has been toward mills of larger diameter, 
but without fundamental laws as a guide. The speeds at which mills 
are run have been a matter of cut-and-try. This paper deals with both 
diameter and speed and proposes to show the laws which apply to some 
laboratory ball mills, ranging in diameter from 18 to 42 in., run at various 
speeds. The correlation of power, speed and grinding rate of the 
respective mills will be shown by curves of markedly significant similarity. 
Before presenting the results some consideration will be given to the 
mechanics of ball milling. 


MECHANICS AND THEORY OF BALL MILLING 


As early as 1904, Herman Fischer! reported observations on specially 
constructed ball mills which allowed the paths of balls to be studied. 
The following conclusions were drawn: 

1. Balls do not grind the ore, but crush it by impact. 

2. At slow speeds the balls roll down the inclined heap, but at higher 
speeds the balls close to the wall adhere to it until they reach a certain 
height, whence they are thrown through an arc to the bottom. 

3. The falling balls do not come down in clusters, but in series, the 
balls of each row keeping to their own line of flight according to their 
distances from the wall while ascending. 

4. A further increase in speed results in the balls adhering during 
the whole of the circuit to the side of the drum. (This centrifuging speed 
may be called the ‘‘critical’”’ speed and may be taken as a reference basis, 
since it is a constant function of the diameter.)? 


* This paper represents work done under a cooperative agreement between the 
Mississippi Valley Experiment Station of the U. S. Bureau of Mines and the Missouri 
School of Mines and Metallurgy. Published by permission of the Director, U. 8. 
Bureau of Mines. 

t Assistant Metallurgist, Missouri School of Mines and Metallurgy. 

t Junior Metallurgist, Mississippi Valley Experiment Station, U. S. Bureau 


of Mines. 
§ Supervising Engineer, Mississippi Valley Experiment Station, U. 8. Bureau 


of Mines. 
1H. Fischer: Der Arbeitsvorgang in Kugelmuhlen, insbesondre in Rohrmihlen. 


Ztsch. Ver. Deut. Ing. (1904) 48, 437. 
2 Numerically the critical or centrifuging speed is equal, in revolutions per minute, 
to 54.19 divided by the square root of the radius in feet. 
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5. “The line of flight may be computed for each ball. The vertical 
force of the movement is reduced until the ball reaches the apex. Of 
course, a reduction of speed in the direction of the line of flight results, 
and the balls approach each other at the apex, and at the same time 
influence each other’s flight. But if we omit this disturbance, we shall 
see the ball continue in its flight and the distance between it and its follow- 
ers increase.” See Fig. 1. 


Fig. 1.—AcTION OF BALLS IN TUBE MILL ACCORDING TO HERMAN FISCHER. 


6. The speed, which was recommended as correct, is between 76 and 
83 per cent. of the critical. 

The following year, 1905, H. A. White* read a paper on the theory of 
the tube mill. In this he discussed ball paths and gave mathematical 
reasoning. He calculated ball paths as though they were parabolas of 
free-falling bodies. His paper was illustrated with photographs of small 
glass-covered mills. He suggested operating a mill at the critical speed 
so that the centrifuged balls could act as a liner. 

In 1919, E. W. Davis‘ presented an exhaustive mathematical dis- 
cussion of the mechanics of ball milling. He reasoned that after the balls 
leave their circular paths they follow the parabolic trajectories. Based 


*H. A. White: The Theory of the Tube Mill. Jnl. Chem. Met. & Min. Soc. of South 
Africa (1905) 5, 290. 


‘KE. W. Davis: Fine Grinding in Ball Mills. Trans. A. I. M. E. (1919) 61, 250. 
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upon this assumption, Davis calculated the ball paths and recommended 


- aspeed of about 75 per cent. of the critical, provided there was no slippage. 


He stated that horsepower, for the most efficient operating speed, is 
proportional to the 3/2 power of the radius. 
_ Fischer regarded the balls, after leaving their circular paths, as having 


a retarded velocity on their upward flight. The mathematics of White 


and Davis accept this idea. Fischer’s diagnosis was not complete, and 
as a result it has been supposed that the balls are thrown a shorter dis- 
tance than is actually the case; hence operators have been influenced to 
run their mills too fast. The relation of power to mill radius as given by 
Davis will be treated in its turn. 


Fig. 2.—THREE-FOOT SQUIRREL-CAGE MILL SET-UP IN ACTION. 


The early writers were aware that balls roll down the heap when the 
mill is run slowly, and are thrown through the air when the mill is run 
fast. The term ‘‘eascade” may be applied to the former deportment and 
“‘cataract’”’ to the latter; these terms are strictly in accord with the dic- 
tionary and are needed in ball milling literature. 

Thus in the previous investigations the assumption has been made 
that the rising balls behave like projectiles when they are thrown across 
the mill. This assumption seems erroneous. 

In order to record and study ball paths, a ball mill 3 ft. in diameter 
by 6 in. long was equipped with wire screen ends of 1-in. mesh. It was 
placed, when properly loaded, on motor-driven rolls, which could be 
revolved at any desired speed. ‘Traces, sketches and photographs were 
made of the balls in action at various speeds and under different loads. 
Iron balls of 114-in. dia. were used, and the mill was operated dry; that is, 
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with balls alone. This ‘“‘squirrel-cage” mill is shown in Fig. 2, and the 


_ action photographs in Fig. 3. 


When a ball charge equivalent to 10 per cent. of the mill volume is 
rotated in the squirrel cage, the balls, as they are lifted to the top, cascade 
or roll down the side of the mass. The faster the mill revolves, the 


_ faster the balls are lifted to the top, but slippage is so great that none of 


the balls attain a speed great enough to be thrown into space. They 
do not cataract. At the predetermined critical speed none of the balls 
are carried over, or centrifuged, as implied by the term “critical.” 

With a ball load of 20 per cent.-of the mill volume, some of the balls 
are thrown into the air at the higher speeds, but slippage still prevents 
their being centrifuged at the critical speed. The balls that are thrown 
at the higher speeds fall upon a toe of balls at the bottom of the heap and 
do not hit the liner of the mill. 

When the ball charge is increased to 30 per cent. of the mill volume 
this toe is better developed. At the higher speeds the outside balls are 
thrown beyond the toe and strike the lining. Although they do rise 
well up toward the top of the mill at the critical speed, they still fail to 
maintain contact with the lining. A slight amount of slippage prevents 
the ball charge from attaining the mill speed. 

Slippage, or relative motion between the charge and the shell, is 
overcome with some ball charge between 30 and 40 per cent. of the mill 
volume, as is evidenced by the fact that the latter loading causes the 
outermost balls to centrifuge at the critical speed. During the test no 
slippage could be observed at the slower speeds at this loading. The 
toe is very prominent and receives the blows of falling balls at speeds up ° 
to about 75 per cent. of the critical. 

A load of 50 per cent. of the mill volume gave ball paths similar to 
the former ones, but the swelling of the charge results in crowding, which 
is shown by the longer trajectories. ‘These observations are recorded 
in photographs shown in Fig. 3 and in sketches, made by tracing the 
paths of the outermost series of balls on an adjacent glass plate, as shown 
in Fig. 4. 

The squirrel-cage observations show that balls are thrown farther 
than is hypothecated by the old parabolic path theory. This is best 
shown by a photograph, Fig. 5. The inner superimposed curve repre- 
sents the ball path according to old theories; the outer one, the path 
by the new theory to be discussed. Because of its magnitude the differ- 
ence requires critical examination. 

The fallacy of the old parabolic theory lies in the fact that the balls 
do not act independently when they leave the shell, but continue in 
contact, pushing those ahead, until they pass the apex of their flight. 
The continuous upward stream of balls can not lose velocity and con- 
sequently there is a horizontal velocity at the apex of their flight equal 
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to the peripheral velocity of their circular course. From this point they 
are free-falling except as they are hindered by atmospheric friction, 
crowding and impact. 


70 % Critical Speed 


50% Mill Volume 


60 % Critical Speed 
Fic. 4.—OUTER PATHS OF BALLS IN 3-FT, SQUIRREL-CAGE MILL AT VARIOUS LOADS AND SPEEDS. 


40% Mill Volume 


Dotted lines in lower diagrams represent theoretical paths according to the new formulas. 


30% Mill Volume 
50% Critical Speed 


Substantiating experiments were made. These showed that when a 
eee of several balls is projected upward, the first of the series goes 
arther than a single ball shot at the same angle and velocity. 


‘ 
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Fischer recognized this pushing effect with the remark that the 
balls influence each other’s flight, but he failed to consider it in 
his computations. 


DERIYATION OF THE NEw EQuATION 


The equation of the path of such a pushed body has been worked 
out by G. R. Dean® in collaboration with R. L. Kidd® and is found 
as follows: 
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Fig. 5.—CoMPaARISON OF ACTUAL PATH OF OUTSIDE LAYER OF BALLS WITH THEIR 
THEORETICAL PATHS AS DETERMINED BY OLD FORMULA (WHITE LINE) AND BY NEW 
FORMULA (BLACK LINE). THE MILL IS REVOLVING AT 60 PER CENT. CRITICAL SPEED. 


To find the equation of the ball path, in a vertical plane, followed by a 
particle whose velocity along the path is constant and whose direction 
of travel is affected by gravity (Fig. 6): 

Velocity along curve is constant = V, 

Mass of particle = M, 

Radius of curvature = p, 


ns 


; V 
Normal acceleration = Ay 


Force acting outward, normal to curve = nas 


5G. R. Dean, Professor of Mathematics, Missouri School of Mines and Metallurgy. 
6 R, L, Kidd, Research Fellow, Missouri School of Mines and Metallurgy, 1928-29, 
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Force acting inward, normal to curve = —Mg cos £. 


MV? 
These two forces must be equal, therefore: ; = —WMg cos B, 


or 


V2 
COS aes 
g 


Fig. 6.—BALL PATH FROM SHELL TO TOP OF ITS FLIGHT. 
The equation for the radius of curvature is: 


POT 


: 6x il 
since cos 8 = — = —— 


: ds dy\2 |” 
The last statement is true since — = | 1+ (— 
6x 6x 


Substituting these values in equation 1 we have: 


en 
- 6x 1 - V2 


: °y : by 2 136 = 9g. 
2 pay 


+) 
Simplifying, ce 


[2] 


a Yo = 57.295, ae, 


entre = = tan a[-sr20 2 +0] eis] 


When = 0.9 = 0,a Ss ey 


bx 
' Hence: C = p 
_ Then equation 3 becomes: 
er. | by ic A ae } 
a i tan E bf 29 r| [3a] 
or _ = dy = tan E — 57.29 9 |e 


ee EaAy ees liteNias 


Vy? 
Bess log. cos (6 — 57. 2a +C’ . 


2 2 
_ When z = 0, y = 0, and C’ = log, cos 8. Then we have: 


wed" Pl tog. cos (6 — 57.29 a — log, cos a| [4] 


__ Equation 4 is for balls of infinitesimal size. Changing equation 4 
from the base e to the base 10, we have: 


\ 


V2 — ‘ . 
y= 2.3025 © tog cos (6 = BT. pote |S login cos 3| [4a] 


= 


| 7 cos (s —57.29 of) 
or. y= 2.3025 — lOgie:\ aan ea | [5] 


— ee SS ee 


‘The highest point in the curve is where vu = 0. Substituting in 


equation 3a, we have: 


v8 P : : 
t= yes where 8 is expressed in radians. [5a] 
2 
Then ymax = 2.3025 i logio see B [5b] 
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the actual paths described in the mill containing just enough balls 


By the use of this equation 5, ball paths: ee 
drawn as in Fig. 7. The solid lines represent the: v 

dotted lines the old one. When these new curves are comp 
the observed photographs and sketches they are seen to resem 


i i 5 is shown by noting the « 
revent slippage. This close resemblance is s Hing ie 2 
Bciirased curve in Fig. 5 and the dotted lines in the lower ‘Tow ¢ 


Fig. 4. 


Fia. 7.—OvursIpE LAYER BALL PATH AT VARIOUS SPEEDS ACCORDING TO OLD PARABOLIC 
FORMULA AND NEW FORMULA (SOLID LINES). 
~*~ 


As has been pointed out above, and as shown in Fig. 4, an increase 
in ball load causes crowding and throws the balls outward. When the 
mill is loaded so that there are many layers of balls, concentric with the 
shell, there is not enough room under the normal trajectory of the outer. 
layer to permit the underlying layers to take their normal courses. Con- ' 
sequently, a crowding occurs, which causes a slight distortion in the ball 
paths. The normal paths of the several layers are shown in Fig. 8. 
The impossible overlapping of the inner balls illustrates this crowding. 

Having determined the action of balls in the squirrel-cage type of 
mill, the question arose as to whether the addition of ore and water ; 
affects the behavior of the grinding media. Previous experimenters 
have stated that the addition of pulp causes slip, with the result that the 
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_ effective speed is less than the mill speed. Records of power required 


to operate the squirrel-cage mill are very similar to those of a ball mill — 
of the same size. The ball mill tests will be discussed later, but the 
power-speed curves indicate that for similar loading of the squirrel cage 
and the ball mill the power peaks are at about the same speeds in each 


ease. The similarity of the curves in Fig. 9 indicates that no great 


difference exists between the behavior of the squirrel-cage mill and that 
of the similar ball mill with pulp charge. 


Fig. 8.—PATHS OF CONCENTRIC LAYERS OF BALLS WHEN MILL IS ROTATING AT 60 PER 
CENT. OF CRITICAL SPEED ACCORDING TO NEW THEORY. 


When a mixture of large and small balls was tumbled in the squirrel 
cage, a segregation resulted, depending on the speed. At slow speeds 
the large balls often rolled out ahead of the toe and remained there for 
short intervals. The tendency was for them to go to the outside of the 
ball charge, but when the speed was sufficient to cause a void in the center 
of the mass, the larger balls concentrated in the vacant area. This 
phenomenon is a function of size. Large wooden and large iron balls 
behaved in the same way. 

This segregation by size occurs because the center of mass of a small 
ball can be closer to the mill shell than the center of mass of a larger one. 
Small balls thus may be cataracted from a longer radius and hence have a 
greater speed with respect to the critical than a large ball which is on a 
shorter radius. Consequently the small ball can be carried farther up the 
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mill shell and be cataracted so as to be in the outside layer ina succeeds. ~ 
ing cycle. Because of its slower speed the large ball falls short and 8 : 
forced into one of the inner layers. The result is that large balls are 7 
forced to the central open area where they avoid the buffeting and crowd- Ss 
ing of the smaller ones. This argument does not apply where the mill is 
run so slowly that cataracting does not occur. 

Ore particles, which are still smaller than balls, would be expected 
to exhibit the same tendency of outward migration; a layer of small ore 
particles may be considered to line the mills and partly protect the linings 
from the numerous blows of the small balls. When balls wear to such a 
size that they possess no longer the kinetic energy necessary to 
crack the ore particles, they reduce milling efficiency by occupying 
valuable space. 


NET HORSEPOWER 


PER CENT GRITICAL SPEED. 
56-INCH Baill MILL, 40% MILL VOLUME BALLS. 36-INCH SQUIRREL CAGE, 40% MILL VOLUME BALLS, | 
TOTAL LOAD: BALLS, ORE, AND WATER - 557 POUNDS. TOTAL LOAD: BALLS ALONE - 432 POUNDS. 


PER CENT CRITICAL SPEED. 


Fig. 9.—CoMPARISON OF POWER REQUIRED BY BALL MILL AND SQUIRREL CAGE. 


Observations of the ball action in the 3-ft. by 6-in. squirrel-cage 
mill follow: ; / 
1. Slippage was minimized by the use of a short mill and small balls. | 
It was a function of the amount of the charge. It became negligible 
when the charge was more than about 35 per cent. of the mill volume. ‘| 
2. When the charge is about 40 per cent. of the mill volume and the 
speed is below 75 per cent. of the critical, a toe is formed at the bottom 
of the heap which prevents the balls from hitting directly on the lining. 
3. The balls did not follow a parabolic path when thrown from the 
circular path of the mill shell. They followed a course that was longer, 
and went a greater distance across the mill. 
4. Increasing the ball charge beyond 40 per cent. of the mill volume 
resulted in crowding which caused the balls to take a still longer path. 
5. When a ball charge of mixed sizes was run at a cataracting speed 
the small balls segregated on the outer paths where impact is greatest. 
Their small diameters permitted their center of mass to lie close to the 
shell where the centrifugal force was maximum. 
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6. On account of the longer paths, slower speeds gave the same 
results as were hypothecated by the higher speeds required by the old 
parabolic path theory. Where a speed of 75 per cent. of the critical 
had been recommended to give the maximum ball energy, a speed of 50 
to 65 per cent. was advisable. 

— This last deduction was substantiated by the results of several series 
of grinding tests made to determine the operating characteristics of the 
ball mills. A discussion of these follows. 


GRINDING TESTS 


The operating characteristics of the ball mills were studied by making 
grinding tests under predetermined conditions. Five mills of construc- 
tion similar to that of the squirrel cage, but with solid ends, were 
employed. They were 18, 24, 30, 36 and 42 in. dia., respectively, and 


Fria. 10.—FiIvE LABORATORY BALL MILLS WITH 3-FT. MILL ARRANGED AS SQUIRREL 
CAGE. 


each was 6 in. long. They are shown in Fig. 10. They were designed 
for batch grinding and made of short length to minimize slippage. The 
42-in. mill, however, was equipped with special feed’and discharge trun- 
nions so that it could be run continuously when desired. When it was 
run as a continuous mill, an automatic feed was used with it. These 
appear in Fig. 11. All the mills were of the tire-and-roller type. The 
rollers were adjustable for the various mills and weré electrically driven 
by a direct-current motor. The set-up is shown in Fig. 12. Electric 
meters were used to obtain power data. 
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Iron balls of 114-in. dia. were used. The material ground ie flint 
tailings from the Tri-State zine district, roll-crushed” through Ain. 
and retained on l-mm. screens. 


GRINDING. 


Fig. 12.—BALL MILL SET-UP FOR GRINDING TESTS. 


Procedure 


Each test consisted of placing a charge of ore, balls and water in a mill, 
bolting on the cover and rotating the mill at a predetermined speed for a 
short time. During the grinding period electrical readings were taken 
and from these the power consumption was subsequently calculated. 
Upon completion of the grinding period the mill was opened, the charge 
removed, and the pulp washed from the balls. Samples of the original 
feed and of the ground pulp were screened in the standard sieves. From 
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PER CENT CRITICAL SPEED. 


PER CENT CRITICAL SPEED. 


Fia. 14.—OvER-ALL GRINDING RATE. 


Fig. 13.—GRINDING RATE PER UNIT 
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PER CENT CRITICAL SPEED. 
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Fig. 16.—EFFICIENCY IN GRINDING. 


Fig. 15.—POWER CONSUMPTION IN 


GRINDING. 
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LOG MILL DIAMETER IN FEET. 
Fia. 17.—GRINDING CHARACTERISTICS AT 45 PER CENT. CRITICAL SPEED. - 


Gross and Zimmerley* that the work involved is proportional to the new 
surface created. The units of surface produced multiplied by the tonnage 
handled by the mill in one hour of grinding time give the surface tons per 
hour, or the grinding capacity of the mill. This figure when divided by 


herr —————ee 


7W. H. Coghill: Evaluating Grinding Efficiency by Graphical Methods. Eng. & 
Min. Jnl. (1928) 126, 934. 


8 J. Gross and 8. R. Zimmerley: Crushing and Grinding—III. Relation of Work 
Input to Surface Produced in Crushing Quartz. See page 35, 
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: the horsepower gives surface tons per horsepower-hour, or the grinding 


efficiency of the mill. . 

The determination of power was made from the electrical data and 
motor characteristics. The entire motor output does not go into crush- 
ing. Some of the power rotates the mill, overcomes friction and accom- 
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Fig. 18.—GRINDING CHARACTERISTICS AT 50 PER CENT. CRITICAL SPEED. 


plishes other work which should not be charged against comminution. 
This constitutes the dead load, and had to be determined for the various 
mills. Each one was loaded concentrically with a weight equal to that 
of the charge, and rotated as a flywheel at the various speeds. The net 
power was calculated in each case. This dead load was subtracted from 
the gross to determine the net power to grind. Thus all the power data 
apply solely to the energy spent within the shell of the mill and in this 
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way are not comparable with the power readings commonly made in 
the plants. ’ 

Batch grinding tests were made with the five mills, each at various 
speeds. Time of grinding was 6 min. This period was chosen as being 
of suitable duration to allow power readings to be taken and yet short 
enough to avoid an excessive production of slime. 
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Fig. 19.—Grinpine CHARACTERISTICS AT 55 PER CENT. CRITICAL SPEED, 


Samples of the ground pulp were cut wet on a Jones riffler, and the final 
cut was wet-sereened on 200 mesh before being dried and screened 
completely to 200 mesh in a Ro-tap for 20 min. Sizing analysés were 
made of each feed, and the discharge samples were screened in duplicate. 

Constant speed was maintained by voltage control, and was indicated 
continuously by a tachometer on the motor. Mill speeds were checked 


with a stop watch to insure a constant motor-mill ratio. All tests were 
run in the same manner. 
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Mill Charge 
Surface 
_ Thohes U4in- | Ore Water, | Cent Hour | (Net) ges per per 
; eee Pounds | Pounds . Wont Hour Hp-hr. 
is : | 
Ee 18 X 6 107 21.7 10.8 45 0.108 | 0.147 | 32.18 3.41 25a 
* 50 0.174 | 38.85 4.20 24.20 : 
X 55 0.190 | 41.49 4,49 23.57 
a 60 0.211 | 43.92 4.74 | 22.45 
a 65 0.227 | 44.59 4.87 21.46 
| 70 0.206 | 44.10 4.76 o3 1h 
j 24x 6 190 38.5 19.2 45 0.192 | 0.294 | 40.32 7.74 26.32 
‘ 50 0.323 | 44.33 8.51 26.46 i 
55 0.362 | 48.74 9.36 25.83 
60 0.390 | 51.65 9.92 25.41 Si 
ag 65 0.420 | 52.43 10.07 23.95 
70 0.411 | 49.22 9.45 23.00 
75 0.406 | 47.21 9.06 22.33 
80 0.401 | 42.40 8.14 20.27 
85 0.358 | 38.95 7.48 20.87 
30 X 6 297 60.2 30.1 45 0.301 | 0.582 | 43.62 13.14 22.55 
50 0.618 | 50.36 15.16 24.52 
55 0.683 | 52.97 15.94 23.36 
60 0.778 | 57.31 17.25 ooNy 
65 0.846 | 60.36 18.17 21.49 
70 0.794 | 55.47 16.70 21.02 
75 0.736 | 53,22 16.02 21.77 
36 X 6 427 86.6} 43.3 45 0.433 | 0.940 | 50.47 21.86 23.27 
50 0.972 | 53.47 23.15 24.33 
55 1.064 | 59.53 25.78 24,23 
60 1,152 |} 63.08 27.31 23.72 
65 1.250 | 63.55 27.51 21.98 
70 1.176 | 60.32 26.14 22.20 
75 1.103 | 55.60 24.07 21.85 
80 1 O87 ltogcal 22.65 20.82 
42 X 6 583 | 118.0 59.0 45 0.590 | 1.273 | 57.01 33.64 26.40 
50 1.416 | 64.63 38.17 26.95 
55 1.605 | 69.08 40.77 25.77 
60 1.750 | 74.08 43.70 24.96 
65 1.930 | 77.06 45.46 23.57 
70 1.730 | 70.70 41.69 24.10 
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During all the tests the only predetermined ‘variable was speed. 


Pulp density was maintained at 67 per cent. solids. The ball load, 


including voids, was 40 per cent. of the mill volume, and the total charge 
of balls, ore and water occupied 60 per cent. The weight of the ore was 
slightly over 20 per cent. of that of the balls. 
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Fria. 20.—GRINDING CHARACTERISTICS AT 60 PER CENT. CRITICAL SPEED. 


Table 1 and the data curves show that the units of surface per unit 
weight (Fig. 13), the surface tons per hour (Fig. 14), and the net horse- 
power (Fig. 15), showed the same tendency in every series. These 
values increased as speed increased to 65 per cent. of thecritical. Beyond 
this speed they decreased. The surface tons per horsepower-hour (Fig. 
16), however, reached its maximum at a lower speed; the most efficient 
grinding occurred at only 50 per cent. of the critical speed. This was 


true in each series. Below and above this speed the values of over-all 
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efficiency decreased except for a slight increase at a relatively very high 

speed. The lower speed (50 per cent.) resulted in 15 per cent. less crush- 

ing, but the power saving was 25 per cent., and thereby the efficiency 
b) 

was increased. 


The tonnages treated in the five mills vary as the square of the diam-. 


eters of the mills. The surface units per unit weight were found to 
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Fig. 21.—GRINDING CHARACTERISTICS AT 65 PER CENT. CRITICAL SPEED. 


increase with the diameters of the mills. Under the same conditions 
more new surface was made per pound of ore in the large mills than in 
the small ones. This increase was proportional to the 0.6 power of the 
diameter. The surface tons, therefore, varied as the 2.6 power of the 
diameter. The horsepower also varied at the same rate. Consequently, 
the surface tons per horsepower-hour was about the same irrespective 
of the size of the mill. In Fig. 16 two curves show higher values than the 
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rest. A slight change in the hardness of the rock accounts for the seem- 


ing discrepancy; it was not absolutely uniform for the different series. 

Logarithmic curves, in which the exponential functions of mill diam- 
eters appear as slopes, are shown in Figs. 17, 18, 19, 20, 21 and 22. The 
curves are from data for the respective speeds. Their regularity is sig- 
nificant. The several variables bear definite relationships to the diameter 
regardless of speed. 
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Fig. 22.—GRINDING CHARACTERISTICS AT 70 PER CENT. CRITICAL SPEED. 


Inasmuch as the peripheral speeds of mills running at the same per- 
centage of the critical varies as the square root, or 0.5 power, of the diam- 
eters, it follows that the surface units per unit weight (which varies at 
the 0.6 power of the diameter) vary approximately as the peripheral speed. 
Hence these results indicate that larger mills have the advantage of greater 
grinding capacity per unit of volume, but their over-all efficiency does 


not increase. 
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SuMMARY 


1. Observations have been made with a 3-ft. squirrel-cage mill. 
A new theory of ball action has been advanced from this study, and a 
new formula of ball paths has been derived. , 

2. Laboratory tests with short ball mills in which slippage was reduced 
to a minimum have shown that the best grinding results were obtained 
at lower speeds than those hypothecated by previous theories. A speed 
of 65 per cent. of the critical gave the maximum grinding, while a speed 
of only 50 per cent. of the critical gave the most efficient grinding. 

3. By comparing the grinding results of the mills of various diameters, 
it was found that at the same per cent. of the critical speed: 

a. The units of surface per unit weight varied as the 0.6 power of 
the diameter; 


b. The surface tons, or grinding capacity, varied as the 2.6 power ren Ee 


the diameter; 
c. The horsepower also varied as the 2.6 power of the diameter; 
d. The surface tons per horsepower-hour, or efficiency of grinding, was 
constant regardless of the diameter; and 


e. The units of surface per unit weight varied approximately as the 
peripheral speed. 


4. The larger mills showed larger grinding capacity per unit volume, 
but no increase in grinding efficiency. 


DISCUSSION 


H. W. Harpincs, New York, N. Y.—I believe that the diameter or peripheral speed 
should be commensurate with the size of ball to be used. The smaller balls would 
require a lower peripheral speed, as their work is usually confined to grinding by con- 
tact rather than impact. Itis on that theory and supposition that we have sometimes 
made changes in the ball mill operation, but I would rather not enter into discussion 
of anything of that sort, because I have not been in a ball mill while it was in operation, 


and figures sometimes will give a more demonstrable line of the operation than we can 
give from observation. 


R. Gaut, Berkeley, Calif—One of our local members recently applied some 


interesting new principles to ball mills. Perhaps somebody can tell us about Mr. 
Williamson’s experiments? 


J. C. Stroup, San Francisco, Calif—We have had no figures. This installation 
is too new. 


R. Gauu.—What are the dimensions of the large mills that are being used now in 
experimental manner at Inspiration? 


J. C. Srrour.—They are 1013 by 10. 

R. Ganu.—That is a good sized mill. 

J. C. Srrour.—The floor space was the principal argument for the size of the mill. 
I do not know whether so large a size would have been used if 16,000 to 18,000 tons 


could have been handled in any other way. The original structure would handle about 
4000 tons. The same structure now houses the 18,000-ton plant. 


= » eS ee 


O. H. Jounson, Denver, Colo.—I am connected with the Marcy mills and we have 

built many large machines. We began with small units. The first Marcy ball mill 

manufactured was a 4-ft. machine. It was tested out at the Utah Copper in the early 
days of ball milling. The 6, 7 and 8-ft. diameters followed. 

Several years ago at the Inspiration plant it was noticed that as the breast liners 
of the 8-ft. mill wore down, and the mills became larger in diameter therefore because 
the liners were thinner, the capacity went up with only a small increase in power. It 
was because of this observation and knowledge that the Inspiration Copper Co., about 
1918, caused two sections of 8-ft. mills to be replaced by two sections of 9-ft. mills. 
Since that time those 9-ft. Marcy ball mills have been in operation and have proved en- 
tirely satisfactory. Figures covering a considerable period of time show less liner-steel 
consumption for the 9-ft. mill than for the 8-ft. size, and fewer kilowatt-hours per ton, 
indicating that the larger mill was the more efficient. 

Since the operation of the 9-ft. mills at Inspiration others have been installed at 
the Andes. In providing power to drive the mills at Andes, 400-hp. motors were 
purchased. When the mills went into operation they took only about 350 hp., so 
recently we recommended the extension of these mills by adding 2 ft. to the shells, 
making them 9 by 9 ft. and using up the extra power available,in the motors. This 
expansion was accomplished in the Andes by getting an increase in tonnage from these 
mills of about 25 per cent. 

We feel that greater crushing efficiency is possible from larger grinding units, 
therefore we are laying out at present a 10-ft. Marcy ball mill, which means 10 ft. 
inside the shell liners when new. 


W.L. Penick, Salt Lake City, Utah.—I represent the Hardinge Co. Fortunately, 
we have two installations of Hardinge ball mills in which there are 8-ft. dia. mills and 
10-ft. dia. mills in the same plant. These two installations are rather far removed from 
one another. At the plant of the Consolidated Mining & Smelting Co., Kimberly, 
B. C., there are ten mills of 10 ft. dia. and seven mills of 8 ft. dia. The 8-ft. mills were 
installed first. Later, it was found that practically the same floor space could be 
utilized for 10-ft. mills. Definite tests have not yet been completed, but at present, I 
understand, the results indicate about 14 per cent. increased efficiency in tons per 
horsepower input for the 10-ft. mills when compared with the 8-ft. mills. 

At one of the Mexican plants of the American Smelting & Refining Co. there are 
two 8-ft. by 36-in. and one 10-ft. by 48-in. Hardinge ball mills. Conservation of floor 
space was the factor that influenced the installation of the 10-ft. mill. Reports indi- 
cate an increased efficiency of a little better than 15 per cent. for the 10-ft. dia. as 
compared with the 8-ft. dia. mills. 

A letter written by Frederick Laist, of the Anaconda Copper Mining Co., to H. W. 
Hardinge gives the results of several months of testing, comparing an 8-ft. dia. Hard- 
inge mill with a 10-ft. dia. Hardinge mill. The test data indicated about 30 per cent. 
increased efficiency in tons per horsepower input in favor of the 10-ft. mill. However, 
certain favorable factors had to be taken into consideration, resulting in a calculated 


final increased efficiency of about 20 per cent. 
These three examples show the relative efficiency of large-diameter and small- 


diameter ball mills. x 

Mr. Coghill says that in his test mill slippage was reduced to a minimum. Ido 
not think Mr. Coghill’s mill paralleled operating conditions. I believe there is slip- 
page in ball mills between shell lining and ball charge, and I do not believe we 
can entirely eliminate slippage in actual practice with present methods of ore-grind- 
ing in ball mills. However, I do believe a great deal can be done by giving attention 
to the design of the lining. I know that some attention has been directed that 


way recently. 
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What size feed did Mr. Coghill use in his 3-ft. 


« Seqnd 9 Gen 
W. H. Cocurin.—Through 3/¢ and on 1-mm. round holes. 


W. L. Penicx.—How does that compare with actual 


comparing the diameter of Mr. Coghill’s mill being used for the § : 
diameter of a ball mill in a large milling plant? 


ya tay earns 
W. H. Cogutty.—Several sizes of balls were tried. The 1}4-in. balls did 
well as the larger ones. 


. a8 


W. L. Penicx.—I do not believe that the work done by a ball mill is due to 


of the balls. Iam thoroughly convinced that the major percentage of the grinding is | 1% 
the result of attrition. That is the way I explain the advantage of mills of larger 
diameter over mills of smaller diameter. The large-diameter mill has an increased 
height or depth of ball column, sometimes called crushing column, and within this 
ball or crushing column there is a slight movement of balls and ore, resulting in attri- 
tion within the ball charge. This attrition performs a large portion of ball mill grind- 
ing. Attrition from .the balls rolling over each other, as a direct result of rotation 
of the ball mill, is also responsible for a large portion of ball mill grinding. Impact 
of the balls falling against the lining is responsible for only a small portion of the 
grinding. 


O. H. Jounson.—The Marcy mills have reduced their speeds 10 per cent. 


E. L. Ourver, San Francisco, Calif—Mr. Coghill’s remarks regarding the critical 
speeds are borne out in practice when the work of a ball mill with new liners and unworn 
lifters is compared to the work of the same mill when the liners have worn down. Any 
slipping of the ball mass on the shell means a certain amount of useless work and use- 
less wear. When the lifters are high there is a relatively heavy load of balls in the 
bottom of the mill, between lifters, which are held stationary and do no grinding. 
The balls in this layer, several balls deep, are being lifted too far and become scattered, 
thus losing contact with other balls. These balls do no grinding but do greatly increase : 
the unbalanced load, hence the horsepower. However, as the lifters wear down the a 
balls between the lifters become active and increase the grinding. The evidence is 
borne out in many different types of mills that impact is only a minor part of the crush- 
ing and that attrition is the cause of the crushing. In the Williamson mill, with its 
plowshaped ends, the ball load has a double movement, both the usual rotary move- 
ment and a movement caused by the plows, which keeps the balls moving longitudi- 
nally back and forth in the mill, thereby giving increased grinding for the same weight 
of balls. As a matter of fact, in the Williamson mill the ball load is considerably 
less than in other mills of the same diameter but of the same tonnage capacity. The 
Williamson mill is always run at a considerably lower speed than a mill of the straight 
cylinder type because of the increased ball movement developed by the plowshaped 
ends. I have seen no data along these lines on the conical ball mills as compared with 
the cylindrical, but I should judge that the conical mill would approximate to a degree 
the motion of the balls in the Williamson mill; that is, there may be a longitudinal 
sliding of the balls which is not present in a cylindrical mill. Mr. Coghill has opened a 
field of investigation which certainly should be carried forward, and the economics 
of the problem from the dollars and cents standpoint should be studied, too, in relation 
to mill size. Minimum dollars expended per ton of output is the ideal condition. 
Capital cost has always to be considered, and at a rapid amortization rate too. This 
has a decided effect on true operating costs, which is frequently overlooked. If we 
follow out the theory laid down by Mr. Coghill, it would be immaterial whether we - 
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_ put in five mills of one size or three of a larger size, provided the output was the same, 


but I believe that the larger the diameter of the mill, the less the capital cost per ton 
of output, not only on the ball mills themselves but on foundations and building space 
as well. — 


W. H. Coeuini.—About 50 per cent. of the motive power in many of our old 
ball mills is spent in dead load, and dealing with that dead load is a good place to 
begin increasing ball mill efficiency. 

What percentage of the total power expended is in dead load? Suppose you 
fill your mill with a normal weight, in the form of a solid mass, so that the mill will 
revolve like a flywheel. That will give the dead load figure. Then take another 
reading under normal operation and get the total power, and thus get the percentage 
of all energy that is put within the shell of the mill. 


J. C. Srrourp.—We have done considerable along that line. If my memory serves 
me right, it would not exceed 5 to 6 per cent. We have loaded the mill with liners 
and kept the mill approximately in balance. Once it has attained its speed, it uses 
very little power; my own guess would be that it certainly would not exceed 6 per cent. 

I went into that in connection with a statement I heard some time ago, that 40 
per cent. of power could be saved by a certain type of bearing. My idea was that if 
all the friction loss was saved it would not amount to 40 per cent. 


O. H. Jounson.—I had built three large mills that carried a grinding medium of 
50 tones each. I equipped them with 8S. K. F. bearings. The first mill was driven 
with a slip-ring type of motor. We found that we gained a low starting torque 
by using 8. K. F. bearings. The two mills that went in subsequently were equipped 
with ordinary squirrel-cage motors. The running power is about the same as we 
figured it would be, so after the mill was accelerated, the 8. K. F. bearings did not 
offer any particular advantage excepting in lubrication, care and expense. 


W. L. Penick.—We have an experiment under way now, where we have two 
8-ft. by 36-in. Hardinge ball mills operating. One is equipped with roller-type 
countershaft bearings and roller-type main bearings; the other is our standard con- 
struction. Thus far we have noted no material difference either in the starting 
or running load. Our conclusion is that a properly designed and properly lubricated 
sleeve bearing will function just as well as a roller bearing, when applied to ball mills. 
Doubtless this is due to the fact that ball mills operate at a relatively low speed, or 
revolutions per minute. 


H. S. Martin, Garfield, Utah.—The Utah Copper Co. mounted one mill on the 
roller bearings and could not detect any power saving in the running load. 


Memper.—May I ask Mr. Coghill to repeat his definition of critical speed ?, 


W. H. Coguimu.—Critical speed is a speed at which, according to the laws of 
centrifugal force, balls on the outer circle do not leave the shell; that is, they centrifuge. 


R. Ganv.—lIt is a very useful standard, although not so easy to observe in big mills. 


W. H. Cocuity.—Not in the operating mills, but it can be checked in the squirrel- 
cage mill and the observed path noted. 


Memser.—Which do you determine it on, the worn ball or the new ball? 


W. H. Coguitn.—The “‘critical speed” is mathematical. The formula is designed 
according to the laws of centrifugal force. 
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R. Gauu.—Mr. Butters raises the question of a rubber 


J. H. Lewis, Berkeley, Calif—The rubber lining for the ball m: 
by Mr. Denny, in Ontario. The particular application for which ¢ ing was pu 
on at that time,-as I gather, was for a tube mill or a straight cylindrical mill al r 
5 ft. dia., and under this condition of operation it was very successful, in fa Bee, 
today. So on the success of that application, a great many people thought it w ca 
probably be successful on all applications. They went at it, but did not give due 
consideration to local conditions or mechanical conditions that prevailed. , The ae x 
result was that they went wild about rubber lining, the manufacturers as well as the 3 ” 


ey 
consumers. Rubber lining is made of two different types, a wave type corresponding e | 
to the wave in cast iron, chrome or manganese steel liners today. Also the flattype 
held against the shell of the mill by clamp bars, using the type of clamp bar that 
would be used with a flat steel plate against the shell. After being in operation for 
a time, many of these liners failed, much to the chagrin of both parties concerned. 
It became necessary, then, to analyze the situation and find out why. After making 
one or two cursory examinations of rubber lining in mills, it was definitely concluded 
that the rubber lining is practical and economically applicable when within certain 
operating conditions. Those conditions must take in the speed of the mill, the size 
of the feed, the size of the ball and the dilution; in other words, all of the factors 
concerned that will bring about efficient grinding. 

In gold mills, where the cast iron and steel balls are detrimental to the process, 
they still adhere to the use of pebbles. In that case, a pebble of 4 or 5 in. dia. does 
not weigh as much as a steel ball of 2 in. dia. Consequently the effect on the rubber 
lining is not as severe. We think the weight of the ball is the most detrimental factor 
in the use of rubber lining. 

I did not hear Mr. Coghill’s definition of critical speeds. There are a great many 
operators who do not appreciate the definition of critical speed. Employing speeds 
greater than the critical speed, the balls are carried to such a height that in dropping 
back they strike against the liners. This is the reason for considering mill speed in 
designing rubber liners. When the balls strike against the liners the force of the 
impact is terrific and causes a breakdown due to fatigue. The breakdown effect 
could be overcome by increasing the thickness of the liner to compensate the effect 
of the impact, but to do so will mean a greater capital outlay. Under these conditions 
it would be better to use manganese, chrome or cast iron liners. 

It is not recommended on feeds of over 1 in. dia., because with feed coarser than 
that at the feed end of the mill, where there are no slimes to cover the balls and liners 


as much as at the discharge end, there will be a cutting effect on the rubber, whieh 
is not desirable. 


| 


; Cc. E. Locks, Cambridge, Mass. (written discussion).—In September, 1929, I 
_ visited Rolla and had the privilege of actually seeing the mills in operation aa 
observing the various phenomena of ball action described by the authors. Since the 
high cost of fine grinding still remains as the one factor that has not been reduced in 
the improved efficiency of flotation plants, the various investigations of the U. S. 
Bureau of Mines on crushing and grinding, at Rolla and elsewhere, are particularly 
pertinent, and the authors are to be congratulated on having contributed some new 
and valuable ideas to this important subject. In the squirrel-cage mill, I found that 
the crowding action and the segregation of the different sizes of balls with the tend- 
ency of the larger balls to gather in the center of the mass, and ihe resulting ball 
paths were extremely well marked. The authors have also fully demonstrated the 
pushing effect on the leading ball by the balls behind it, which causes the leading ball 
to take a falling path or curve, which carries it farther than the parabolic path 


DISCUSSION 79 


assigned to it by earlier investigators. I have not undertaken to follow through 
the development of the mathematical formula, but this seems hardly necessary in 
view of the close agreement between the curve of actual fall and the curve computed 
by the formula. 

The ball mill tests indicate that maximum grinding capacity is reached at a speed 
that is 65 per cent. of the critical speed while maximum grinding efficiency occurs at 
50 per cent. of the critical speed. Grinding practice has been to run at about 75 per 
cent. of the critical speed, but it is significant that I found in a recent trip to the South- 
west a definite tendency toward lower speeds as giving better results. The operators 
will probably never come down to the figure of 50 per cent., because capacity is their 
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chief aim. If they could get both maximum capacity and maximum grinding effi- . 


ciency at the same speed, there is no question what they would do, but it is certain 
that they will hesitate to cut down the capacity per mill and increase the size of instal- 
lation in order to make the saving in power at 50 per cent. speed as compared to power 
required at the 65 per cent. speed point of maximum grinding. 

While these 50 and 65 per cent. speed points have been established in the laboratory 
mills, they may have to be modified somewhat for mills of commercial size, where 


’ the slippage effect will vary with the length of the mill and the character of the lining. 


The testing mills at Rolla were very short and the effect of friction of the balls against 
the ends of the mill in tending to reduce slippage of the entire mass of balls is greater 
than in a mill having its length equal to or greater than its diameter. A rough liner 
would also reduce slippage effect and modify the speeds of maximum efficiency and 
maximum capacity. I would suggest that supplementary experiments be made in the 
laboratory with ball mills having lengths at least equal to the diameters, in order to 
throw more light on this point. 

One conclusion reached from these laboratory tests is that grinding efficiency is 
constant regardless of the diameter of the mill. While the results clearly warrant this 
conclusion, it is in contradiction to the claim made that in mill operation ball mills of 
large diameter show a higher grinding efficiency in terms of tons per horsepower to the 
same fineness as compared to smaller mills in the same plants. This point needs to be 
cleared up. 


E. W. Davis, Minneapolis, Minn. (written discussion).—In March, 1922, Dr. H. E. 
T. Haultain and F. C. Dyer presented a paper on Ball Paths in Tube Mills to the 
Canadian Institute of Mining and Metallurgy. This paper was largely a criticism of 
my paper on Fine Crushing in Ball Mills.° Dr. Haultain started to check the results 
of the experiments I had reported on ball paths and eventually developed a deep 
interest in the subject. After the publication of Dr. Haultain’s paper, he continued 
his study of ball paths and by use of a slow-motion camera produced some remarkable 
photographs that were shown at the meeting of the Institute in August, 1923. The 
paper accompanying the moving pictures is published in volume 69 of the TRANSAc- 
TIONS, but it was obviously impossible to publish any part of the moving pictures 
These pictures were remarkable and were taken at the rate of 120 exposures per second 
under the most exacting conditions. The pictures show a small ball mill, with glass 
ends, in operation and the dial of a tactometer, shown in the photographs, indicates the 
exact speed of the mill at all times. 

Dr. Haultain was so kind as to bring a set of these films to the University of 
Minnesota for me to see before they were publicly exhibited. I was much interested 
in them, especially since they seem to disprove my experiments and theories. The 
moving pictures seemed to indicate that the speed of the mill should be increased above 
my findings in order to secure the ball paths I had indicated. In other words, my 
speeds seemed to be too low for the conditions I had shown to exist in the mill. The 


9 See footnote 4, 


cy between Dr. 


tended that it was very diff cult to see, even in 
balls were slipping on the lining of the mill and, 1 


would account for the discrepancy. Dr. Haultain went bac <t 
new set of motion pictures of a mill in operation, charged with b A 
this operating mill, he gradually added sand, and it is possible to s the effect 
additional sand on the paths taken by the balls. It was difficult to judge the 
tude of the effect of the sand addition by watching the pictures, so I had chart p 
showing the paths through which the balls actually passed. © iehbadt, amit 

After making these charts, I was pleased to find that the addition of the sand ha : ae 
reduced the slippage in the mill from about 9 per cent. to practically 0 per cent. and 
that the actual ball paths, when the slippage was at a minimum, were close to my.» 
theoretical curves. These charts and my discussion of Dr. Haultain’s paper appear in 
volume 69 of the Transactions. The pictures that Dr. Haultain prepared are worth 
considerable study by anyone interested in ball milling and certainly any new theory 
presented should satisfactorily pass the test of comparison with Dr. Haultain’s 
pictures. et j 

In comparing the ball-path curves shown in the paper by Gow, Campbell and Cog- 
hill with the curves shown in Dr. Haultain’s moving-picture films, it was found that 
for the same ball-path curves, the author’s speeds must be reduced considerably below 
those shown by Dr. Haultain. The paths determined by the ‘old formula” lie far 
inside the paths determined by the ‘new formula” as illustrated in Fig. 5 of this 
paper. Dr. Haultain’s criticism of my curves were that they were slightly too wide, 
because there was always some slippage in the mill, and his moving-picture films seem 
to bear out this contention. According to the present authors, my curves are not 
nearly wide enough. Since the reduction of the slip in Dr. Haultain’s mill brought 
his curves close to my theoretical curve, it seemed to me that in the mill operated by 
the authors of this paper, some condition must have existed that reduced to slip below 
zero; t. e., made the balls cling to the lining of the mill longer than they ordinarily 
would. Fig. 2 shows a photograph of the mill used for observing the action of the 
balls. It is entirely possible that the 1-in. mesh wire screen that forms the ends of 
this mill, which are only 6 in. apart, would hold the 144-in. balls locked effectively and 
would carry the balls around the mill much farther than they would otherwise go. 
This seems to account for the great discrepancy between the theoretical paths as 
developed by the “old formula” and the “new formula.”’ 

I have not studied the details of this paper as I probably should but, as I have 
said, any new theory on ball paths must square itself with what is shown in Dr. j 
Haultain’s slow-moving picture films before I can give it serious consideration. Iam 
surprised that the authors do not even mention Dr. Haultain’s contribution, which I 


consider the one outstanding unimpeachable contribution to this subject, against 
which all theories must be tried. 


H. A. Wuirr, Dersley, Transvaal, South Africa (written discussion).—There 
can be no doubt that this paper has added considerably to our knowledge of the 
factors involved in ball milling and marks a distinct advance in the theory of the 
subject which naturally will be followed by improvements in actual practice. 

The papers referred to by the authors might well have included that by Haultain 
and Dyer [Trans. A. I. M. E. (1923) 69, 198]. In that paper, owing to the peculiar 
experimental method adopted, the authors found that the theoretical curves of 
flight: required greater speed of revolution than indicated. Gow, Campbell and 
Coghill find the opposite effect, but their method, instead of exaggerating the effect 
of slip, provides a distinct tendency in the opposite direction. Nevertheless I do not 
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draw the facile deduction that the old theory of parabolic flight was more than a first 
approximation, and I consider that the second approximation offered by this paper is 
much nearer the actual facts. In a paper shortly to be read before the Chemical and 
Metallurgical and Mining Society of South Africa, Iam offering a third approximation, 
which however I find anticipated to some extent by the remarks on “ crowding” 
and in some of the curves in Fig. 4 which show paths outside the new theoretical 
curves suggested. 

The term “‘critical speed” should certainly be adopted but it must be clearly 
defined as the speed at which the first layer of balls adheres to the rim. A much 
greater speed is required to cause all the balls to so adhere. The terms “‘cascade”’ 
and “‘cataract”’ may well be accepted as standard in the definition given, as they give 
an excellent mental picture of the two processes referred to. I would suggest that 
tube mills should include ball and pebble mills, the difference in the latter case merely 
referring to the grinding medium. i 

The photographs in Fig. 3, of the tubes loaded to 50 per cent, shows that at 10 
per cent. of critical speed the kinetic angle of friction appears to be 38°, at 20 per cent., 
44°, at 30 per cent., 48°, while the kinetic angle for steel balls at less than 1 r.p.m. 
will be found to be about 29°. These figures are suggestive and their effects upon 
theory will be dealt with in the paper already referred to. Incidentally, this paper 
has to be rewritten to some extent in order to take account of the authors’ advance 
in theory. 

No exception may be taken to the criteria employed, in deriving the new equation, 
though some statement as to angle 8 might have made the matter clearer. 

The deduction, from grinding tests, that 65 per cent. of critical speed gives maxi- 
mum capacity is, of course, only true for 40 per cent. loading, and usually 50 to 55 
per cent. loading is employed when a greater speed might be advantageous. The 
efficiency must be much the same at all speeds and loadings if relative size of balls 
and feed is not quite unsuitable to conditions maintained in accordance with the 
findings of Gross and Zimmerley, to which the authors refer. In any case the deduc- 
tions made are based upon experimental conditions which do not closely imitate 
current practice, as too much ore and water are present and tubes are too short. 
It would be interesting if the authors would give us the foot-pounds per square inch 
corresponding with the surface-ton per horsepower unit adopted. Their results 
appear to indicate about 0.95 ft.-lb. per sq. in. new surface, against 0.03 as found by 
Gross and Zimmerley in their paper already mentioned. Even if the hopeless under- 
estimate of the surface of —200-mesh product used by the authors be adjusted, it 
still shows a wide discrepancy, indicating that experimental conditions were very 
different and that there is still a large margin for improvement in tube mill work. 

While cataracting at 75 to 85 per cent. of critical speed may suit pebble mills 
taking up to 1-in. particles, it may be more eeonomical to use cascading at 50 to 70 
per cent. for regrinding ball mills where particles in the feed are so smrll as to require 
little fall of the balls employed in order to break them without producing much fine 
dust beyond the range of technical requirements. 


Classifier Efficiency; an Experimental Study ew 


By A. W. FanRrenwatp,* Moscow, IpaHo 
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Tux function of the classifier in modern fine-grinding practice is to 
remove a finished product from the grinding-mill discharge, leaving 
material that needs further comminution. The classifier, therefore, — 


makes two products: (1) “‘finished’”’ product, which overflows the rim of 


: d . 3 ate 
the classifier tank, sometimes referred to as ‘“‘slimes” or as “classifier = 


overflow,” and (2) “unfinished” product, which settles to the sloping 


bottom of the classifier tank and is removed by dragging or raking. — 


This product is generally referred to as ‘‘sands” or ‘‘oversize.” 

One of the outstanding features of the closed-circuit classifier is its 
ability automatically to return the unfinished product of the ball-mill 
discharge to the feed end or scoop box of the ball mill. This is a distinct 
advantage because it avoids dilution of the ball-mill feed, and, further- 
more, the particular method of removing the settled sand, by raking it up 
the inclined bottom of the classifier, gives a classifier discharge containing 
a minimum of water. This leads to maximum classifier efficiency, in 
this type of classifier, because the maximum volume of water is displaced 
upward by the settling sands. 

The closed-circuit classifier is required to deliver a finished pulp of 
closely specified density requirements, therefore added hydraulic water 
generally is not permitted. 


RELATION OF CLASSIFIER EFFICIENCY TO GRINDING EFFICIENCY ~ 


The energy of crushing, and therefore the cost, according to Rittinger’s 
Law,’ is proportional to the new surface exposed in crushing. Since the 
new surface produced in crushing is nearly proportional to the reciprocals 
of the diameters crushed to, it is obvious that the cost of crushing in the 
finer sizes is tremendously greater than in the coarser sizes for equal 
ratios of reduction. High circulating load of finished sand in the circuit 
of the classifier and grinding mill is therefore obviously expensive prac- 
tice. It is the classifier’s function to reduce this to a minimum. 


* Professor of Metallurgy, School of Mines, University of Idaho. 

1 The correctness of this law has been definitely established by J. Gross and 8. R. 
Zimmeriey: Repts. of I nvestigations, U. 8. Bur. Mines, Serial 2880 (1928). Also 
by G. Martin and coworkers: Trans. Ceram. Soc. (England) (1925-26) 25, 51. 

82 


=~ 
Gee 
3 ) 
3 
‘as 
‘a *. 
es 
Pah 
a 
+ 
aa 
«a 


~ 


~~ 
& 


= 


A. W. FAHRENWALD © 83 


CLASSIFIER EFFICIENCY 


It is the purpose of this paper to present a new experimental method of 


“measuring classifier efficiency. A need for it may be brought out by a 


discussion of the present method and its limitations. . 
In the literature, the only method described of measuring performance 
of the closed-circuit classifier is based on sieve analyses of the classifier 


- products. The formula used is: 


10,000 (6 — a)(a — c) 
a(100 — a)(b — c) 


where E = over-all efficiency of the classifier, 
a = percentage of finished sand in classifier feed, 
b = percentage of finished sand in classifier overflow, 
c = percentage of finished sand in classifier dragover. 


E= 


This formula gives over-all classifier efficiency and is the original 
formula developed by H. W. Newton of the Dorr Co. The derivation is 
given, among other sources, in Taggart’s Handbook of Ore Dressing, 
pp. 1235-1239. _ The efficiency of the classifier as a remover of finished 
product, granting that everything in the overflow is finished, is given by 
the formula 

100b(a — c) 
pie a(b — c) 


If tonnages are known these formulas are much simpler. The latter 
formula, of course, is identical with the well-known formula giving 
screening efficiency. 


CRITICAL CONSIDERATION OF SizE ANALYSIS AS BAsis OF MEASURING 
CLASSIFIER EFFICIENCY 


Some interesting mathematics may be indulged in to show the fallacy 
of sieve sizing as a basis of measuring classifier efficiency. 

If all sand grains obtained by the use of a pair of sieves of small 
difference in mesh opening—for example adjacent sieves of the Tyler 
screen scale—behaved similarly in a rising column of water or fell at the 
same rate in a static body of water or other medium of appreciable den- 
sity, classifier performance could be determined on a sizing analysis 
basis. This, however, is not the case because both grain density and 
configuration are variable and enter into the problem. If it is assumed 
that the classifying property of a sand grain is expressed by such a factor 
as W/S (weight divided by surface) or specific weight of the grain, the 
fallacy of the sizing basis of measuring classifier efficiency may be shown 
in a few eases quantitatively. 
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Calculation of the W/S of sand grains of various assumed configura- 
tions which pass an r-mm. square aperture follows: 


A spherical grain that will pass an r-mm. square aperture (Fig. 1A) 
2 : Oa ais 
has a surface area, S = ao(2), and a weight, W = (5) d:/'The 
W/S of the grain is, therefore, 


rd 
W/S = 


The maximum cubical grain 
that will pass the r-mm. aperture 


(Fig. 1B) has a surface, S = 6r?, 
and a weight, W =r'd, and 


therefore 
rd 
W/S = a 
B. Bi. The cube of mitimum W/S 


(Fig. 1B) that will pass the r-mm. 
aperture, when one of its faces is 
parallel to the sieve surface, has 
a surface, 


aca 


and a weight, 


; 2 2 8 1 
i Us r 3 
Fig. 1.—RELATION OF GRAIN CONFIGURATION We= af ) H = dv} 


TO THAT OF SIEVE OPENING. Be De 2 
and 
Wo oie ae 
Sak MtBrene waka 


If the cubical grain passes the aperture so that a diagonal through 
two apexes is normal to the sieve surface, the surface of the cube that 


just touches all four sides of the mesh is S = 
dr’ . 3” dr 
RACED.) lectin Vg U5 ye. 
The case of the cylindrical grain is more complicated. The disk or 


cylinder (Fig. 1C) of length ¢ that will just pass the r-mm. sieve opening 
has a surface 


_5f{rv2—-t r/2—1t\? _ 2(2r? — 22) 
sa a(VE= aVB=8) ote 


or? 
6 4420/73’ the weight is 
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and a weight, 


Z: r(rv/2 — t)?td 
i ies 4 


and, therefore, a 
Wn(V2r — td — (W/2r — Atd 


S 4n(27? — #) (4/2 420) 


The cylindrical grain of maximum W/S, which just touches the four 
wires of the mesh, has a length, ¢ calculated as follows: 


iy bio Ne Seep eng a am) 


F) A at 
dt () ri 4(V/2r + i)? 
_ WAV 27 + t)(A/2 rd — Bdt) — (~/2r — A)dt-2 


A(\/2r + t)? 
_ AV 2r + (VY 27 — 28) — (V/2r—Ht-2 
4(/2r +t)? : 
r? — 20/2 rt — 4t2 — 20/2 rt + 22? 
4(\/2r +t)? 
— 4/2 rt + 4r? 
oe + t)? 
ow 


Le 
For minimum value of —; Ss’ ais = 0 and therefore, 


22 + 4v/2 rt — 
A 27 +0? 
or 12 +. 20/2 rt — 2r? = 0 
and t = —\/2r + 2r, but negative values have no meaning and when 
W/S is a minimum, 


= —V2r 2r = 0.5847 


that is, the cylinder of maximum W/S, passing the aperture in the 
position specified, has a length just slightly more than one-half the 
aperture dimension. The W/S for this cylinder is, then 


W  (W2r—t)td 
SS aAv/2r+t) 
_ (V2 r — 0.587r)0.584 rd 
2(»/2r + 0.5847) 
0.48588r2d 
mer cae 
_ rd\ 
708 
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There are tabulated below the W/S values of grains of various 
assumed shapes which pass a square aperture under the condi- 


tions specified. 


W 
Grain CONFIGURATION 3 
Maximum Minimum 
- rd rd 
Spheres 2. a. ct sists = bole o> gare ohesiane acta 6 6 
rd V/\erd 
@ube?.s.....nteteloleh see see eae 7 6 
rd 
Cylinder Ae ahSconduct solar eidananer> We) abaLebel eld inne, «rea smeaamerEa 7.03 


The W/S of a grain is a function of the product of the aperture through 
which the grain just passed and its density times a constant, k, the 
value of which, except in the case of the cube and the sphere, is a function 
of the grain configuration. The general formula giving the W/S of a 
grain, then, is: 

W 
iS. = krd 

In Table 1 the constant & of a 24/28 (av. dia. = 0.645 mm.) mesh, 
theoretically spherical grain, of an Ottawa silica sand grain, and of a 
crushed quartz grain, is given. 


TaBLe 1.—Physical Constants of One 24/28 Mesh (0.645 Mm.) Grains 


dy = 2.65 
| 
Specific 
Vs W= W= Wi S= Wt. We Con- 
Grain 0.5283r3 | 0.5288rd | Wi — V = 3.1416r3 * S stant 
Cu. Cm, Grams Grams Y Sq. Cm.| Grams per k 
q. Cm, 
7 nee 
Sphere or cube (calc.).. .| 0.0001417| 0.0003755| 0.0002338) 2.65) 0.01307] 17.72 X 10-4] 0.1666 
Ottawa sand (det.)..... 0.0002030) 0.000538 | 0.0003350) 2.65) 0.02570; 13.04 xX 10-4] 0.1216 
Crushed quartz (det.)....| 0.0001885) 0.000500 | 0.0003115) 2.65] 0.03200) 9.73 x 10-4 | 0.0916 


*The volume and weight of the individual grain, in the case of the Ottawa sand and the crushed 
quartz sand, were determined by weighing a known number of grains and by measuring the volume 
of a relatively large weight of the grains by displacement in acetone. The surface is calculated from 
ot data given by J. Gross and 8. R. Zimmerley: Crushing and Grinding. I and II. See pages 7 and 


If it is desired to know the grain-size segregation that a classifier 
effects in the treatment of a given feed, a sieve-sizing analysis gives the 
information ; however, if classifier efficiency is wanted, the sieve analysis 
basis is fundamentally wrong and misleading. Even when grain density 


is a constant factor, water sizing and square-mesh aperture sizing are 
not compatible. 


= so! Gy, a parr Rr a ct alt 
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_ This is further brought out in the graph of Fig. 2, which shows the 
arrangement of particles in an ideal classifier, with respect to their sizes 
and specific gravities. Shape is constant, nie the feed is made up of 
grains differing widely, and uniformly, in size and specific gravity. 

Assuming a classifier separation at x mm. size, the nature and relative 


quantities of classifier products may be shown by passing lines through 


the classifier column in the proper directions. 


‘ASWSYDNI 3ZIS 


SPEGIFIC_GRAVITY INCREASE, 


Fia. 2.—CROSS-SECTION OF IDEAL CLASSIFICATION WHEN SIZE AND SPECIFIC GRAVITY 
OF GRAINS ARE VARIABLE BUT SHAPE IS CONSTANT. 


The horizontal line AC divides the classifier input into two perfect 
products; namely, finished above the line AC and unfinished below this 
line. For a classifier less than 100 per cent. perfect some finished 
product, represented by the portion CAF, remains with the unfinished, 
and the extent or degree of classification is represented by the portions 
of the graph above (finished) and below (unfinished) the sloping line AF. 


100b(a — c bay fl det ; 
Referring to the formula FE; = we een) ) , and tying it into this graph, 


we have: 
CAB=a 
CADE = 100-—a 
CAF =-c 
100 = b 


(100) (a — c) _ 10,000(a — c) 


Therefore # ="100 a(100 —c) ~—a(100 — c) 


zontal, an dt 
: -10,000(a — 0) _ 10,0004 _ 199 per cent 
and > 7100 <0) 00S a feel a as | 
bs If classification were effected entirely on the basis of size, 
separation at mm. is indicated by the portion of the feed above 
the right of line AH. Less than perfect separation at the x mm. siz 


a 


—_ 


represented by a line such as AG, and x | 
EBAH = a1 
HAD = 100 —a 
GAH = Cy 
100 = bi 
10,000(a: — ¢ ae 
and FE, = aa “ 2), and when GAH = 0 = ci | a 
E, = 100 per cent. efficiency on the basis of sieve analyses. "$i 


The two efficiency formulas are identical, and for determining screen- 
ing efficiency it is proper to determine the values of a; and c,on the basis 
of sieve analyses. However, it is obvious from Fig. 2 that it is scientifi- = 
cally permissible to determine the values of a and ¢ by sizing only when 
the material in question is uniform in density and shape. In that case 
the sloping line AG should approach the horizontal position occupied by 
AC. However, when density of grain is variable, theoretically a and c 
should be determined on the principle of operation of the classifier. 


EXPERIMENTAL Mretuop DEVELOPED 


Previous research’ by the writer suggested to him a method based on 
the fundamental factors involved in classification. In Fig. 3 is shown the 
experimental set-up used. It consists of a glass tube ¢, of suitable bore 
and length, provided at its top with a funnel f and at its tapered bottom 
with provision for admitting into the tube adjustable rising currents of 
water to meet the requirement of the experiment. The provision is a 
flask pressure chamber p, into which water is controllably admitted 
through a valve v under constant pressure. The amount of water admit- 
ted is dictated by the size and specific gravity of the largest grains 
in the charge to be studied. The funnel is large enough so that material 


may be fed to the tube without overfiowing any of it through the 
funnel outlet. 


5A, W. Fahrenwald: Hydraulic Classification, Its Theory, Mechanical Develop- 
ment, and Application in Ore Dressing. U. S. Bur. Mines Tech. Paper 403 (1926). 

Stratification, Theory, and Application in Ore Dressing. Min. & Met. (1926) 7, 
437. 


serves the desired purpose: The stirring is the 


A. W. FAHRENWALD 89 


The size of the charge to be analyzed is largely determined by the 


nature of the ore. From 100 to 1000 g. are used, depending on the case 


in hand. Tubes the size of ordinary burettes to 1 in. dia. or more and 
2 ft. or more long may be used. A small charge should not be used in a 
large tube, nor a large charge in a small tube. 

The charge—it need not be weighed out accurately—is washed care- 
fully into the funnel and water is added to give a just hindered-settling 


- condition in the sands at the bottom of the 


tube. This condition should be allowed to 
obtain for several minutes, or until the sand 
grains have had time to adjust themselves and 
to find their proper static environment with 
respect to other grains. 

The fluid teeter column is now stirred in a 
slow circular motion by hand, with a long glass 
rod, and the water is entirely cut off. The 
stirring is continued until the charge is entirely 
compacted, the stirring rod being raised slowly 
to keep the lower end just above the gradually 
forming compacted bed. This procedure is to 
prevent eddy currents in the teeter column, and 


equivalent of rotating the tube, as in some 
earlier experiments, but is a more convenient 
method. 

The compacted column of sands in the tube, 
in which classification of the grains is probablyFia. 3.—Hypravuic sizer 
as nearly perfect as may be approached experi- ae 
mentally, now is in condition to be removed from the tube. The removal 
is accomplished by 4 siphon method. It should be mentioned here, too, 
that the compacted bed is removed with much more facility than when 
the same material is in teeter. 

The siphon consists of a pair of glass tubes connected with a rubber 
tube. The siphon is made operative by placing one tube in the water 
in the funnel and sucking at the other end with the mouth. Water should 
be admitted to the funnel from a suitable source in continuous flow before 
proceeding with the withdrawal of the sands. This is to replace in the 
column as much water as is removed through the siphon. The end of 
the tube in the funnel is now lowered toward the compacted bed of sands 
and as much of the column siphoned out into a pan as desired. 

The compacted column may be cut into as many individual small 
layers as desired. The greater the number of cuts, mathematically, the 
more nearly the experiment approaches the ideal. It is well to graduate 
the tube so that approximately equal quantities may be drawn off, if 
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that seems desirable. This is an extreme! 
laboratory study of many ores. sa bala 
The individual small increments, which, wher ed up, 
whole, are next dried and sieve-sized. If only classifier e 
desired, only determination of maximum grain of each product 
sary. If a complete picture of a vertical cross-section through t 
classification is desired, complete sieve and chemical analyses of ea 
ismade. Also, if a complete knowledge of the concentratibility of t 
_ is desired, heavy liquid or microscopic analysis of each weight increment — 
is useful. This same technique gives valuable data in studying © 
flotation tailing. Toy me 
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of classifier products from the Morning Mill at Mullan, Idaho, of the 
Federal Mining and Smelting Co. The number of the increments. 


Taste 2.—Ideal Classification Analysts of Feed, Morning Mill 
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(No. 1 being the top increment), weight, weight per cent., weight per 
cent. cumulative, and sieve analysis of each increment are given. The 
summation of the sieve analyses of all of the increments gives the sieve 
analysis of the head sample. We may thus compare the products as 
analyzed by sieve sizing with the same products analyzed by hy- 
draulic sizing. i a 

This comparison is made in Table 5. ‘The percentage of the total feed 
that should overflow the ideal classifier at any given sieve mesh opening 


is given in column 3. The percentage of the total feed that will pass a 


‘ 
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: 

, 
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given sieve opening, as indicated by a sieve analysis, is given in column 
4. The difference is given in the final column. 


TaBLE 3.—Ideal Classification Analysis of Dragover Sands, Morning Mill 


Lorene TAM Tee flied a alec 
peas Stil? agai 7.56 | 


20s] 203] 756] fails oa 
HECTARE Td Bee ee ee ee 
| iger| | 


Considering the classifier feed and assuming a separation at 100 mesh, 
the percentage of material in the feed, as indicated by the hydraulic test, 
which should overflow the classifier and leave the crushing system as 
finished sand, is 24.5 per cent. Sieve analysis of the feed shows that 
there is present 42.97 per cent. of —100-mesh material, the difference - 


being the large figure of 18.47 per cent. 
TaBLe 4.—Ideal Classification Analysis of Overflow, Morning Mill 


RAMS CUM. {+35 | 170_{t200 |-200 


1.70 
210 


cs 


"00.00 | BO rimrasts oa 470 “5.02 Pepe 1| 7691 
os 334] 458| 488] 283] 74.89 
61 9.48/1282 |17.40|2228) 25.11 2.89 89 


: [F's [eadassaloas2/e7i 8 jazeo| 777 60] 77.72 [74.89 


Similar comparisons may be made at any other assumed overflow 
mesh, and always there is the striking difference between what actually 
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will overflow, as indicated by the hydraulic test, and the percentage of 


material in the feed, as indicated by sieve analysis. These figures begin 
to indicate the fundamental unfitness of the sieve analysis as a basis 
of gaging classifier performance. 

Now turn to a consideration of the classifier (dragover) sands, Table 3. 
Still assume that the classifier was making a separation at 100 mesh. By 
the hydraulic test there is actually 10.75 per cent. of finished product in 
the unfinished sand, which returns to the ball mill for further comminu- 
tion. The sieve analysis shows 36.33 per cent. of finished sands in the 
unfinished product, a difference of 25.58 per cent. 

Referring to the classifier overflow, Table 4. At a 100-mesh separa- 
tion, the overflow actually contains 79.0 per cent. finished and 21.0 per 
cent. unfinished, while a sieve analysis of the overflow shows 90.52 per 
cent. finished and 9.48 per cent. unfinished product. 


TABLE 5.—Comparison of Classifier Performance by Hydraulic Analysis 
and by Sieve Analysis 
Ore from Morning Mill, Mullan, Idaho 


Finished Product, Per Cent. 
Material es | 
| Theoretical¢ | By Sizing Difference 
200 13.58 23.26 9.78 
170 16.00 25.90 9.90 
150 18.00 30.36 12.36 
Feedifrom*@ Table ttre seetacss| ED 20.50 37.29 16.79 
100 24.50 42.97 18.47 
80 | 29.00 56.17 ra (pea 
i $e 65 ; 33.50 59.61 26.11 
200 4.72 14.69 9.97 
170 5.05 16.84 11.09 
150 6.75 21.95 15.20 
Dragover sands from Table 3... | 115 t a2) 29.88 22.18 
100 | 10.75 36.33 25.58 
80 . Pao 49.81 36.3 
= q 65 ‘a 19.50 53.20 Sey AU) 
| 200 59.03 74.89 | 15.86 
170 62.49 Gute 15.23 
| | 150 69.21 82.60 13.39 
Overflow slimes from Table 4... .| hy bess (3.22 87.18 14.96 
| 100 79.00 90.52 TPs 
80 84.09 95.54 11.45 
| 65 88.00 96.30 8.30 


* Calculated from graph plotting per cent. through vs. cumulative weight per cent. 


The difference in percentage of finished in unfinished product, as 
indicated by the hydraulic test and as indicated by sieve analysis, is 
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less for the finer overflows than for the coarser overflows in the case of 


the feed and the dragover products; and the reverse of this order is the — 
_ ease for the classifier overflow. This is quite in order with effect of 


decrease in size and influence of viscous surface films on hindered- 
settling ratios. 

Using the over-all efficiency formula, page 83, let us examine the 
efficiencies of the classification recorded herein. Assume, as we have 


done above, a classifier separation at 100-mesh, then from the data of 


Table 5 
a = 24.50 
b = 79.00 
= 10:75 
Then, E = 10,000(79.00 — 24.5)(24.50 — 10.75) _ 50.28 per cent. effi 


24.50(100 — 24.50)(79.00 — 10.75) 
ciency on the basis of analyses of classifier products by the hydraulic 
test. 

The efficiency of classification at 100-mesh separation, on the basis 
of sieve analyses is: 


a, = 42.97 
C1 = 36.33 


10,000(90.52 — 42.97) (42.97 — 36.33) 
42.97(100 — 42.97)(90.52 — 36.33) 


At 170-mesh separation the classifier efficiency, by the hydraulic 
test, is: 


KE = 


and E = = 22.11 per cent. efficiency. 


10,000(62.49 — 16.00)(16.00 —: 5.75) 
16(100 — 16)(62.49 — 5.75) 


= 62.50 per cent. 


and by sieve analysis, 40.20 per cent. 


SUMMARY AND CONCLUSIONS 


1. The ratio ‘‘weight divided by surface” of sand grains is a widely 
varying factor for ore grains passing a given sieve aperture. 

2. Closed-circuit classifier efficiency is not theoretically accurately 
expressed on the basis of sieve analysis. 

3. Closed-circuit classifier efficiency shows to much better advantage 
on the basis of ideal classification than on the basis of sieve analyses. 

4. The efficiency of the classification studied is about 60 per cent. 
This suggests opportunity for useful further research in the field of this 
type of classification. 

5. Classifier efficiency on the basis of removal of finished product 
shows up to better advantage than on the basis of over-all efficiency. 


Differential Grinding Applied to Tailing Retreatment 


By Lzon M. Banxs* AND GeorcE A. JouNson, f JopLin, Mo. — 


(San Francisco Meeting, October, 1929) 


Tur Missouri-Kansas Zine Corpn., operating in the Waco district, 
15 miles northwest of Joplin, Mo., owns large tailing piles made during 
milling operations of the years 1918-28 by the Butte-Kansas, Acme, and 
Barnsdall mining companies, whose holdings have been purchased and 
consolidated under the ownership of the Missouri-Kansas Zine Corpn. 
These tailings had been considered too low in value to be worth retreating 
by the ordinary methods. 

C. Erb Wuensch, consulting engineer of the Missouri-Kansas Zine 
Corpn., noted the difference in the type of tailing from upper-level and 
lower-level ore. The latter contained hard lime chats. He also found 
that mill losses had been due to particles of blende on the corners or 
sides of the chats and to the existence of soft, porous, cellular, lime chats 
containing varying amounts of blende. He conceived the idea that a 
quick grind in rolls or ball mills might change the type of the material 
so that jigging could make a clean tailing for discard and a partly con- 
centrated product sufficient in blende content to justify the expense of 
fine grinding in ball mills to free the mineral entirely. A laboratory 
was equipped with the necessary machines and the writers were assigned 
the problem of developing a method of retreating the tailings. 


LaBoRATORY TESTING 


From preliminary drill sampling of each pile was obtained the blende 
content, the soluble sulfate content, and the general characteristics of 
the material to be treated. The tailings were a mixture of lime and 
flint with some shale. 

Visual examination showed most of the blende to be in the dolomite 
and very little in the flint, although there were some flint particles with 
blende on the cleavages. The blende was found as particles on the 
corners or cleavage faces in one type of chat and in another disseminated 
in a soft, porous, cellular lime. Because of the porosity of the latter 
type. of chat, the apparent specific gravity, under hindered-settling 
conditions, is less than that of a solid piece of lime or flint. That it 


Manager, Missouri-Kansas Zine Corpn. 
t Metallurgist, Missouri-Kansas Zine Corpn. 
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cannot be settled by jigging or other gravity methods of concentration 
was conclusively proved by tests. 

No ball mills had been used, up to this time, in the Waco district. 
A cost of 25 to 50 c. per ton, established by the practice in the Picher 
field, was prohibitive if applied to all the tailings, hence some preliminary 
concentration before thorough grinding was considered essential to an 
economic process. 

Considerable time was spent in jigging tests of all kinds, using a 
small hand jig and a small Bendelari jig. Sized and unsized feeds were 
treated. Sieves of different sizes and shapes were tried, changes were 
made from time to time in depth of bed, number and length of strokes, 
amounts of pulsion and suction, and various materials were used for 
bedding. These experiments were all confined to +20-mesh material 
and no free mineral was encountered. Free mineral was known to exist 
in the —20-mesh material but as these finer sizes were much richer than 
the coarse, no difficulty was anticipated in retreating them by tabling 
and flotation. 

Exhaustive tests by jigging and by classifying +20-mesh material 
showed that a satisfactory preliminary concentration could not be 
made by wet gravity methods. Concentration of the porous type of 
chat was poor and that of the other type only partial. 

Because the average grade of the tailings to be treated- was very low, 
it was necessary to attain a very low assay on the secondary tailings to 
make any process of economic value. 


Bautut Minit GRINDING VERSUS ROLL CRUSHING 


Preliminary concentration by differential grinding in ball mills and 
rolls was also investigated. The material used was Barnsdall No. 3 
dump tailing, +20-mesh size, assaying actual blende, 1.24 per cent.; 
soluble zine, 0.15 percent. Screen analysis of the feed isshown in Table 1. 


TaBLeE 1.—Screen Analysis of Feed 


ee eee he in toe een Bear 
Origa allie arse pata. 32 —1.24 
On 4mm... es. ke tt 49.05 49.05 43.64 43.64 
OniSvmesh lore. Sigil: 26.50 75.55 23.79 67.43 
On 14 mesh....... —1.35 15.80 91.35 17.10 84.53 
On 20 mesh....... —1.05 4.95 96.30 | 4.17 88.70 
Through 20....... —3.81 3.70 100.00 11.30 100.00 


This head sample shows that 91.35 per cent. by weight remains on 14- 
mesh screen and contains 84.53 per cent. of the values. 
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One part of the sample was ground in a laboratory ball mill for 10 
min. using 2-in. balls and a dilution of 75 per cent. solids, with results 


given in Table 2. 


Tapie 2.—Screen Analysis of Product of Ball Mill Grind 


Blonde Aveay,| Weight, | Cum, Wt | piatve,, | Cum, Yalue 

Original yay).22h hie —1.08 

Oni mike Ce —0.20 «, 27.60: 27.60 | 5.17 ie 1. 
On 8 mesh........ —0.20 12), 25 39.85 2.29 7.46 
On 14 mesh....... —0.21 10.30 50.15 ZA, 9.48 
On 28 mesh....... —0.48 12.40 G20 5.57 15.05 
On 35 mesh....... —1.14 7.10 69.65 Te S262 
On 48 mesh....... —1.80 4.05 73.70 6.83 29.45 
On 65 mesh....... as 5.00 78.70 11.38 40.83 
Onal00e Sees —3. 15 4.40 83.10 AZZ 53.80 
Ons bOs anes oe | — 3.49 4.00 87.10 13.06 66.86 
OneZ00-s eee es —2.88 5.70 92.80 15.35 Saad 
Through 200...... = JO 7.20 100.00 17.79 100.00 


After grinding in a ball mill, 50.15 per cent. by weight remained on the 
14-mesh screen but carried only 9.48 per cent. of the values. 

Several similar tests were made on other parts of this head sample 
of Barnsdall No. 3 tailing in which the time of grinding and the size of the 
balls were varied. In all these tests, the over-size remaining on 14-mesh 
screen weighed from 40 to 65 per cent. and contained from 8 to 20 per 
cent. of the value. The +14-mesh material assayed from 0.20 per cent. 
to 0.45 per cent. blende. : 

Other parts of the same head sample were crushed in rolls. The 
screen analysis given in Table 3 was made on the product of the one part 
crushed through rolls set at 74 ¢-in. opening. 


TaBLE 3.—Screen Analysis of Product of Roll Crusher 


i 


viper Gente’ |" "Por Gaakie |" Beroenthodl wets, eee ae 

Onie malas smears —1.18 

On” mm. Pe —0.76 30.90 30.90 20.13 20.13 
On 8 mesh........ —1.23 36.70 67.60 38.70 58.83 
On 14 mesh....... —1.26 21.10 88.70 22.79 81.62 
On 28 mesh....... —1.17 7.40 96.10 7.42 89.04 
On 35 mesh....... —2.80 0.40 96.50 0.96 90.00 
On 48 mesh....... —4,.27 0.20 96.70 0:73 90.73 
On 65 mesh...... .| —3.67 0.30 97.00 0.94 91.67 
JhroughrOde ed —3.24 3.00 100.00 8.33 100.00 
I 


abit in sili 8s. 70 per r cent., by See temnadl on ane 
; esh screen and carried 81.62 per cent. of the value. 
A comparison of these two products brings out the fact that there ‘ 
; has been a reduction of the size of the particles in both cases. However, “a 
_ the most important fact is that the ball mill product shows a marked 
Fr enrichment in the finer sizes and an impoverishment in the larger sizes, 
E which does not occur in the roll-crushed product. The screen analysis 
of the ball mill product indicates that a preliminary concentration can 
be made by a quick grind in a ball mill followed by a screening of the 
discharge. In this way, about 50 per cent. by weight can be discarded 
immediately. The roll-crushed product does not give such an enrich- 
ment, nor permit such a discard. 

_ When subjected to differential grinding in a ball mill, the soft, porous 
chats are quickly disintegrated while the other chats have part, or all, of 
the attached mineral removed by the action of the balls. No attempt 
will be made to explain just how this action takes place and the reader 
_is referred to the voluminous discussion in the technical literature of the 
actions taking place in a ball mill. Observation of the product of this 
type of grinding leads the writers to believe that abrasion plays a large 

part in causing the enrichment of the finer and the impoverishment of F 
the larger sizes. 

A further illustration of the differential grinding principle is contained 

in the results of analyses of the tailing-mill feed, a roll-crushed product, 
3 and of the flotation-plant tailing in which ball mills, using differential i 
grinding, have produced almost all the flotation feed (Table 4). . as 


oo i. ee 


Tas.LeE 4.—Analyses of Tailing-mill Feed and Flotation Tailing 


Tailing Mill Flotation 
Feed, Per Tailing, Per 

Cent. Cent. 
cil ia Ee Tes BS i coe oon Latter bolle saNalelia lets 6 —62.76 28 .56 
SN INEWO CRIA oe eal eta OSE RE RE SPREE, uth ott COE eee — 0.55 0.48 
WryCalmrOnr as erylGiOXUe sy ccs x agiSle « wtb Riel a, Wl Slo ae) cous — 3.57 2.00 
er ary ME yan oe eC ope elte » Lyalhaeyilly ortho fo dhgct opayane —10.70 22.35 
Equivalentto Calcium carbonate..............----++++ —19.10 39.86 
RMN St es 86 Ta A Soc es «coy eet pte ROE ao ws — 6.27 13.53 
Equivalent to magnesium carbonate................+.+- —13.12 28.29 
MODINE CECT DOM ALES tees ic sctaws foreets wot ote cedegeden ous Jose ceteh ayy alee —32.22 68.18 


TAILING-MILL FLOW SHEET 


The old Barnsdall No. 3 mill was converted into a tailing mill with 


the following flow sheet: 
The chats are reclaimed by homemade drag-line scrapers. The mate- 


rial from the Barnsdall No. 3 dump goes direct to a bin at the tailing 


nee into an oversize iad an vitae by 
size drops into a surge bin and is fed from it into a 6 ft. 
Iron Works ball mill equipped with full grate discharge of 56-1 
ings. The discharge from this mill is screened over Leahy : screens | 
jackets having 3¢-in. round holes. Oversize from these sereens 
to discard and the undersize flows to twin elevators. nid: te 

The undersize from the trommel is deslimed in a draxhelt classifier. S 
Slimes from this classifier go to a thickener. The deslimed sand from the 
classifier drops into another surge bin from which it is fed to a 6 by 4-ft. 
Allis-Chalmers ball mill. The discharge from this mill then joins the = “ 
undersize from the Leahy screens at the twin elevators. Afterelevating, 
it is again screened on Leahy screens having 1¢-in. slotted screen jackets. _ : 
Oversize from these secondary screens is treated on a-sand jig (Cooley 4 
type), a Bendelari jig (diaphragm type), or returned to the Allis- _ 
Chalmers mill, as desired. The undersize from the secondary screens is 
deslimed in another drag-belt classifier. The slimes go to the thickener. 
The sand then goes to two 6-cell double-spigot classifiers of a modified 
Fahrenwald type locally known as the St. Joe classifier. Tabling of 
this product involves handling a very coarse feed, which makes classifi- 
cation quite important. Roughing tables on unclassified feed were 
unable to make as low tailing as tables with classified feed. 

In the tabling system, the free-mineral middlings are sent to separate 
tables for cleaning; true or chatty middlings are returned to the ball 
mills; part of the table concentrates are sent over cleaner tables. Table 
concentrates vary from 55 to 59 per cent. metallic zine, with a lime 
content of from 2 to 3 per cent. Mill conditions can be varied so that 


Operating results may be illustrated by a typical week, as follows: 


more or less of the mineral can be sent to flotation, as desired. Local ‘ 
market conditions controlling the sale of the two kinds of concentrates { 
decides this division. j 
Mitt Resutts 

' 


Mill Feed Assay, Leta fale) 
Acme dump ‘feed s.. sc.4: 554 /me cnlsa'e Wet sae ee 2.15 
Barnsdall-No. 3'dump feed... >) 2.87 

Total feed...) 05 ule Gite akon ees St 2.44 

Mill Tailings 
Oversize reject sj. i. 44:jaile timers cae Rear eae ae ee 0.54 
Table tailings. : . c. 1) yccc) aes es eee ee 0.61 
Jig tailings... . 3. 25 dh sess Stee eae 0.67 
Mlotation tailings... ).2, 2. ee 0.40 


—— ee ee ee ee 
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Ball consumption (214 and 2-in. sizes) has amounted to 0.49 Ib. per 
ton, liner consumption to 0.07 lb. per ton, or a total iron consumption 
of 0.56 Ib. per ton of new feed. Power consumption amounts to 0.39 tons 
of new feed per horsepower-hour. 


FLOTATION 


As mentioned, the slimes produced in the tailing mill are thickened in 
a thickener 60 by 14 ft. to about 30 per cent. solids, sampled by a Galigher 
automatic sampler and pumped 1800 ft. with a Wilfley sand pump to a 
central flotation plant. This plant was originally designed to treat old 
mill-pondslimes. It contained three 10-ft. double-spitz K. & K. machines 
and one 8-ft. single-spitz K. & K. machine for a cleaner. The flow sheet 
was as follows: 

_ The first two machines were in series and raised iron and some inter- 
fering slime. About 0.05 lb. per ton of potassium xanthate and 0.05 lb. 
per ton of Bogalusa pine oil were added to the first machine for this 
purpose. The froth, which was discarded, assayed about 15 per cent. 
iron and 3 to 5 per cent. blende. Without the iron machines in the cir- 
cuit, the tails were materially higher and a marketable grade of concen- 
trates could not be produced. ‘The zinc was raised in the third machine, 
to which was added about 0.10 lb. per ton of potassium xanthate, 0.3 lb. 
of Barrett No. 634, and 0.8 lb. of copper sulfate. The froth produced 
was recleaned in an 8-ft. K. & K. machine, bringing the grade of concen- 
trates up to 58 to 59 per cent. zinc. The plant handled about 3 tons per 
hr. The plant was later enlarged to treat all slime feed from the dirt 
mills, the tailing mill and the slime ponds. It now contains 10 machines: 
two 10-ft. and one 8-ft. K. & K. machines and seven 11-ft. Butchart 
machines. At present the plant receives feed from two dirt mills, the 
tailing mill and two slime ponds, and averages about 20 tons per hr. 
A Dorr thickener and surge boxes at the plant assure a steady feed to the 
flotation machines. 

The machines are arranged in three parallel circuits of three machines 
in series and one cleaner machine. If the feed contains enough iron and 
interfering slimes to lower the grade of concentrate or raise the tailing 
assay, the first machine of each series is used to raise the iron and some of 
the interfering slimes. This is done by adding potassium xanthate, 
-0.02 lb. per ton; Barrett No. 634, —0.1 lb. per ton; Yarmor steam- 
distilled pine oil, —0.02 lb. per ton. 

Zine is floated in the second machine, to which is added about 0.44 
lb. per ton of copper sulfate and 0.08 lb. per ton of potassium xanthate 
with enough Yarmor steam-distilled pine oil to build up the froth. The 
froth, which assays about 57 per cent. zinc and 3 per cent. iron, is sent to 
the cleaner machine, where it is built up to an average of 60.50 per cent. 


100» D ea ae IAL G tID N 
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“The Suround of iron and inte sli: in the fee 
be predicted, as certain stopes in the m ey 

and shaly material (mostly soapstone) than others. The 
also vary in the amount of iron and interfering sl 
By regulating the mining, both of the mndererouay ore 
ponds, the flotation plant can be supplied with a feed cont 
much or little iron and ope: sine as pepe of ‘th 


zine on all nes aanehitied of each series. The froth feain Aes 
machine is sent to the cleaner and the froth from id last two —— 
is returned to the first zinc machine. eBS (07 

When no attempt is made to float the iron ahieatotahd: zinc it ae be 
been found that sodium Aerofloat gives slightly better results than 
xanthate, as the iron content of the concentrates is higher when using 
xanthate than when sodium Aerofloat is used. This is because sodium 
Acrofloat does not float pyrite readily in an alkaline circuit. Thenatural — 
alkalinity of the flotation feed ranges between pH 7.6 to pH 8.2. This is 
increased to about pH 8.4 by addition of lime. 

The reagent consumption when using sodium Aerofloat is as follows: 


REAGENT Ls. ppR Ton 
Sodium: Acrofloat,, :.cck ong.. ie cauiele cee Belge ee eee 0.057 
Copper sulfate 5.3 so sug 4 sctaesn gt ssp el sieke oie nc a ee 0.438 
Barrett No. 63407 0 coc css ene sie cc the ee 0.134 
Yarmor steam-distilled’ pine oil! ¥.. 7. Ve 5) i oe eee 0.030 


Since the flotation feed is made up from different sources, it was 
desirable to know just what results were being obtained from the feed 
from the tailing mill. To ascertain this, feed was pumped direct to 
one series of machines and the following results were obtained: ~ 


Prr Cent. 
Reed oti tase GUS Let oe ie 2.60 blende 
CaS - ots ogy. @ 65> apace flee eas Sip a ae eae ae 0.40 blende oa 
Cancen trite .a.2:i:s ce hieue' ogc Ba Gee ne 60.00 zine (metallic) 
Later, when the dirt mills were shut down for two days and the 


flotation plant was treating feed from the two slime ponds and the 


slimes produced from the tailing mill, these results were obtained over 
the two-day period: 


Per Cent. 
Feed valesig, 015 8 sie 0. hin, ace lage ere oe ER 3.47 blende 
Tails? 345. 8. 90, DE ee, 0.74 blende 


Concentrates fio.88 eg 60.00 metallic zine 
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In laboratory testing to develop a method of treating Waco tailings, 
it was found that: 


1. Gravity methods of concentration were unsuitable on the raw 
material. : 

2. Differential grinding in ball mills created an enrichment in the 
finer sizes and an impoverishment in the larger sizes. 

3. Sereening of the discharge of the ball mill product allowed a 
discard of about 50 per cent., by weight, of the coarse material, thus 
giving a preliminary ree and avoiding fine grinding of the 
entire feed. 

In the commercial mill built to test out the Pace developed 
in the laboratory, it was found that: 

4. Differential grinding in ball mills under operating conditions 
closely approximated laboratory results. 

5. Costs of differential grinding were materially lower than fine 
grinding costs, because of: (a) large capacity of a given size of ball mill 
on this type of grind as compared to fine grinding. (Capacity of a 6 
by 4-ft. mill is 7 to 10 tons per hr. on fine grinding and 25 to 30 tons 
per hr. on differential grinding.) ; (b) low iron consumption per ton treated. 

The product resulting from differential grinding gave an oversize, 
after screening, suitable for immediate discard and an undersize readily 
amenable to tabling and jigging. The oversize discard was 27 to 32 
per cent. of the total tails. In the laboratory tests the discard was 
taken as +14-mesh material. In the actual operation the discard 
screen analysis is: 23.5 per cent. on 4 mm. and 41.9 per cent. on 8 mesh. 
This compares with 27.60 per cent. of +4-mm. or 39.85 per cent. 
of +8 mesh, as shown in the first table on the results of ball mill grinding. 
Slimes produced from the tailing mill were quick settling and made 
excellent flotation feed from which a clean concentrate and a low tailing 
could be made. 

Treatment costs in the milling and flotation steps were lower than 
the estimates but the reclaiming costs were higher. ‘Total operating-costs 
were within the estimate, as no overhead charges were used in the estimate. 

Tonnage samples show that the Colorado Iron Works mill handles 
about 25 tons per hr. when the tailing mill is treating 50 tons per hr. 
On the basis of 25 tons per hr. of new feed to each ball mill, the following 
costs result: 

The Allis-Chalmers mill, grinding undersize from the primary trommel 
and the circulating load of table middlings, costs 11.66 c. per ton. 

The Colorado Iron Works mill, doing differential grinding on oversize 
material from the trommel, costs 4.64 c. per ton. 

The total cost of ball milling when the tailing mill is handling 50 tons 
per hr. of new feed is 8.15 c. per ton. 
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These costs include labor, power, ball 8, Ti 
neous supplies. _ tly lewioeidt (Onna aan 
5 ap ata nied 
TasLE 5.—Comparison of Estimated and Actual Opera 
EsTIMATED ‘ “ UAL 

: Rock Ton RSS ial 

Reelaiming #7 Se. ae $0.035 Reclaiming and hauling. ... 

Totalemillimgs o ptea cytes ie taeae 0.135 Total milling. ee 

*s Matatiow ia. spines ae 0.120 Flotation......... oe ee 
F 4h ‘ : ne 
Total cost per ton of tailings.... $0.29 Total operating cost per ton ss ea 
tailings:2:2s4005o Se 

Liability insurance.......... 
Assaying{-55.. )Sse eee dace ae 
Underground pumping......... “020067 
Fire and tornado insurance.... 
General expense... .>>>..-..-- 
Total-eost. 2.4. hears pies 5 $0.3189 


The actual operating expenses were based on treating 243,805 tons : 
of feed in the tailing mill, of which 53,395 tons were sent to the flotation 
plant as slimes. 


DISCUSSION 


L. D. Hunroon, New York, N. Y.—This paper is especially interesting to me 
because in 1896 I conducted a series of tests on Cripple Creek ores along the same 
general lines and recommended the treatment of low-grade Cripple Creek ores by 
crushing and sizing where a large percentage of the values was highly concentrated 


in the fines. My detailed notes of the many tests have long since disappeared buta == 
summary of results is contained in Richards’ Ore Dressing, page 1566, under the 
title of Concentration by Crushing and Sizing. Several years later I was called upon a 


to investigate the treatment of the waste rock dump from the Independence mine at * 
Cripple Creek. This dump had been carefully sampled by the sinking of test pits; 
the final report showed 500,000 tons assaying $4 per ton. Here again I repeated my 
former investigation in a small test mill at the Independence mine and recommended — 
the concentration of the dump by crushing and sizing. This recommendation was 
followed and a mill was erected under the management of Philip Argall. Not only 
was the waste dump successfully treated but the process valorized the low-grade ores — 
in the mine, which would not stand shipping to the mills at Colorado Springs. 

While professor of mining and metallurgy at Yale I carried on many such investi- 
gations on ores and waste products from metallurgical plants ; the results from these 
tests were most interesting and concentration by crushing and sizing was recommended 
many times. 

In 1908 I first visited the Joplin district and was impressed with the enormous 
tonnage of tailings throughout the area and the high percentage of blende contained 
in the tailings. For several years later I was called upon by Joplin operators to 
examine their mills and make recommendations. In many cases, the recovery was 
less than 50 per cent. and the losses were in the form of chats and fine blende. My 
recommendations were to screen out the coarse low-grade tailings and fine high-grade 


material and to crush and screen the intermediate sizes or chats. These professional 
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investigations led me to have the large and smaller high-grade tailings dumps sampled 
with the idea of treating them in a centralized mill along the same general lines as 
_ that outlined by Banks and Johnson. Although the mining companies to which I 
submitted my recommendations at that time would not consider the erection of such a 
centralized tailings mill, it is a satisfaction to know that the process recommended 
by me has been introduced and has proved a success. 

In the examination of ore deposits of value I always have petrographic analysis 
made not only for the genesis of deposition but to determine the degree of grinding 
necessary to liberate the mineral. 

@e 


; F. Tarraron, S. Strafford, Vt. (written discussion).—The authors present statistics 
to show that, in attempting to make a differential grind on tailings, the ball mill is 
more efficient in their case than rolls. They use as a basis for comparison the per- 
centage of total value of the ore remaining on a 14-mesh screen. Thus, they state 
that with a feed that before grinding contains 84.53 per cent. of the total value 
on 14 mesh, on grinding in the ball mill only 9.48 per cent. of the total value remains 
on this mesh, whereas, after grinding in rolls, 81.62 per cent. is coarser than 14 mesh. 
Hence, they conclude, the ball mill is more efficient than the rolls. 

A further study of the statistics indicates that this conclusion is not justified. 
The ball mill has been allowed to grind the ore to a much finer size than the rolls. 
With the former, 50.15 per cent. is on 14 mesh after grinding, whereas, with the latter, 
88.7 per cent. is stillon 14 mesh. In other words, the product of the rolls is substan- 
tially the same as the feed, given as 91.3 per cent. on 14 mesh and no work has been 
done on the ore in this case. Consideration of the type of material treated indicates 
that reduction in size is important. Blende has been observed to be contained in 
the cells of a porous lime chat which forms part of the ore. It is obvious that libera- 
tion of this blende is dependent on the breaking up of these chat particles. Hence, 
since liberation of values is a function of fineness of grind, it is no wonder that the 
ball mill shows up better than the rolls. 

The ball mill has ground 41 per cent. of the ore through 14 mesh. The values 
contained in this 41 per cent. serve to enrich the —14-mesh material. With the 
rolls, only 2.6 per cent. has been ground through 14 mesh. It is to be expected that 
in the latter case the enrichment of the —14-mesh material is negligible. 

The writer believes that the rolls should have been adjusted so as to produce 
the same liberation of values as the ball mill and then estimates of costs should have 
been compared. It is possible that a finer grind in rolls would cost less and yet 
produce the same results as the ball mill, but it seems quite obvious to the writer that 
if one sample of ore is ground and another is not, the latter will show no change 
from the original ore, and cannot be compared with the former. 


W. H. Cogurmt, Rolla, Mo. (written discussion*).—This excellent paper is 
indicative of what research is doing for ore dressing throughout the industry. Dif- 
ferential grinding as employed by these men is only one of several important steps in 
their milling system, which, in terms of methods employed 10 years ago, 
are innovations. 

In many of the Western camps the tailings ground to flotation size are sluiced 
down the canyon and forgotten; but in the Tri-State district piles of tailings tower 
100 ft. high on level country, and are a continual ‘‘teaser”’ to those seeking profit- 
able investments. So it was that no sooner had tailing piles begun to appear than 
someone undertook to re-treat them. The first efforts were failures, in part because 
the art had not been developed sufficiently, and in part because the steps that had 
been developed had not sufficiently impressed the operator. 


* Presented by permission of the Director, U. 8. Bureau of Mines. 
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Although little was done to supply a flotation machine with a feed, this district 
can boast of being among the first to install one. Not until about 1923 was there 
concordant action among the operators to make thoroughly deslimed jig tailing by 
beginning the desliming at the head of the rougher jigs and carrying it consistently 
through the mill. The first flotation filter was introduced in October, 1924. 

The first ball mill was installed about 15 years ago, but it could not function with- 
out good flotation practice. Now, although ball mills are often a sort of catch-all for 
the rest of the plant, testimonials of harmonious working of ball mills, float machines 
and filters are abundant. These improvements, with others, have functioned with the 
differential grinding of Messrs. Banks and Johnson to make profitable*the treatment 
of tailings with a tenor between 2 and 3 per cent. blende. 

According to J. P. Dunlop,! more than 3,500,000 tons of tailings was treated in 
the Tri-State in 1928. The yield was approximately 18 lb. of zine per ton of tailings, 
for which the operator realized about 3 c. per pound, or 54. per ton of tailings treated. 
Out of this the operator had to pay a royalty of about 8 per cent. Fortunately the 
charges against the investment are moderate because the plant is on the ground and 
otherwise would have to be salvaged. Operators holding piles better than the average 
enjoy a good margin of profit. 


TaBLE 6.—Comparative Grinding Rates of Mixed Chert and Dolomite in 
Rolls and in a Ball Mull 


- Distribution in Roll | Distribution in Ball 
Mixed Discharge || Mixed Mill Discharge 
cre Feed to Feed to 
Rolls, Per Ball Mill, ‘i 
Cent. Chert, Dolomite, || Per Cent. Chert, Dolomite, 
Per Cent. | Per Cent. | Per Cent. | Per Cent. 
0.371 in. Lite 0.8 0.7 | 
0.371lin.+3mesh | 46.8 6.6 bee 
MrsH | 
3 to 4 aig) “ge'a raee a 
4 to 6 24:2 |" 9o!0 1" 23 2) Soba eee 
6 to 8 10.5)" 12-0 “We eee 20.1 7 '5 
8 to 10 aca 6.3" 4 Loe 15.4 6.2 
10 to 14 4.0 3.0 12°73 TNS 4.7 
14 to 20 PAG) rel ao 4.7 
20 to 28 Fey AE ia io 4.7 5.6 
28 to 35 5 Lis 3.6 71> 
35 to 48 0.8 Wa 3.0 8.3 
48 to 65 0.4 0.9 | 1.9 6.9 
65 to 100 0.4 0.9 | Led 6.8 
100 to 150 0.2 0.7 ie 5.6 
150 to 200 0.2 0.6 | 0.6 3.7 
200 tars: Ve 0.6 Qala 3.0 21.8 
INE Mase Actor: yy 100.0 | 100.0 | 100.0 |: 100.0 | 100.0 | 100.0 
7 
Reduction ratio by mean || Reduction ratio by mean 
mesh of chert =‘ 2.03 mesh of chert = 1.73 
Reduction ratio by mean ||} Reduction ratio by mean 
| mesh of dolomite = 2.28 || mesh of dolomite = 6.75 


‘J. D. Dunlop: Advance report, U. 8. Bur. Mines. 
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under discuss 
‘ ntial grinding. Arguments about abrasion, attrition and impact do not seem — 
ive led us to fundamentals. It is known that the amount of grinding in rolls 
_ depends primarily on the setting of the rolls, but in ball mills the time element is an 
a _ important factor because when soft material is ground in a ball mill for the same period 
_as hard material the softer component suffers the greater reduction. The justification 
_ for this view comes from a study of the relative grinding rates of dolomite and flint 
in a synthetic mixture of southeast Missouri dolomite gangue and southwest Missouri 
chert gangue. When the rolls had a given setting the amount of reduction of the two 
___- gangues was about the same, but in the ball mill the dolomite had the higher grinding 
i rate. In the rolls the reduction ratio of the chert was 2.03, and that of the dolomite 
was 2.28; whereas in the ball mill the reduction ratio of the chert was 1.73, and the 
reduction ratio of the dolomite mounted to 6.75. The results of the tests are shown in 
. , Table 6. Hence rolls are of greater advantage when mixed grains have to be ground 


to a certain size without sliming any of the constituents, but the ball mill is better 
when the softer mineral requires maximum grinding. The ultimate results may be 
determined accurately, but the part that attrition plays is uncertain. 

The location of the ores described by Banks and Johnson is outside the geographic 
limits of the famous Picher zine district. The Picher ores do not contain mineralized 
limestone; their gangue is flint, and the mineral is disseminated through the flint. 

/ Differential grinding as practiced by Banks and Johnson does not apply to these ores. 
It was tried several years ago in the U. 8. Bureau of Mines laboratory at Rolla, Mo., 
F by C. O. Anderson and Henry Aspoas. They called the method “tumbling”; they 
visualized about twice the normal feed passing through a ball mill and expected 
a goodly liberation of the mineral. They thought also that the grains that still con- 
tained locked mineral would have shapes more favorable to gravity concentration 
: than formerly. But the mineral did not liberate as freely as anticipated; as much as 
33 per cent. of it remained in the part coarser than 10 mesh, which was 54 per cent. of 
3 the total weight of the charge. - However, this was not proof of insufficient liberation. 
= Such proof was obtained by using heavy solutions to segregate the material lighter than 
i 2.80 sp. gr. The float-and-sink tests showed that when one-half was ground to pass 
10 mesh the coarser half would yield a jig tailing assaying 1.0 per cent. blende or more, 

and would suffer an additional loss in chats that would require regrinding. In the 
work of Banks and Johnson the screens rejected an oversize of one-half this tenor. 

The sample that Anderson and Aspoas examined by the tumbling method had a 
tenor of 3.1 per cent. blende. It was a sample of the +10-mesh portion of a tailing pile. 
As the ore had been milled through 44 in., the sample was between 14 in. and 10 mesh. 

*Float-and-sink tests showed that 5.0 per cent. was heavier than 2.80 sp. gr. and assayed 
34.0 per cent. blende. Tumbling reduced this amount to 2.85 per cent. with a tenor of 


TaBLE 7.—Screen Analysis of Oversize +10 Mesh from Four 1-Min. 


Grinding Periods 
Size, Mesh Weight, Per Cent. B home See Per D ee uaien of 
+3 17.27 1.49 13.95 
—3+ 4 31.61 1.87 31.89 
—-4+ 6 22.69 2.01 24.73 
-—6+ 8 16.94 1.380 16.54 
: —8 +10 11.49 2.07 12.89 
@omposite. «crc... «ce a6 100.00 1.85 100.00 


on the writers believe that abrasion plays a part in (ie Es 
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30 per cent. blende. — Thus the ight of chats w. 

‘much affected. The grade of the +10-mes 
: 3.10 per cent. and 1.85 per cent. blende, respectively. ihe 
: the +10-mesh material was disappointing, and he ma te 


mesh was not rich enough. It had a tenor of 4.53 per cent. 
3.10 per cent. for the original sample. The fines were 45.50 | 
tained only 67.40 per cent. of the mineral. The details of this im 
The laboratory ball mill was loaded with balls, }4-in. to 10-mesh 1 

| then run for one minute, emptied, and screened on 10 mesh. Then the 
returned and ground for one minute more and the screening on 10 me 
This procedure was repeated until four 1-min. grinding periods had elapsed. 

finally an oversize +10-mesh and four undersize —10-mesh products resulted. — 


Ascreen analysis of the oversize +10 mesh resulting from the four 1-min. grinding | A 
periods appears in Table 7. The feed was 3.10 per cent. blende, so a reduction in grade ’ i, 
to 1.85 per cent. is not great. i Hey > ‘e 

Table 8 gives the results of a study of the various sizes of this oversize by means 
of solutions of high specific gravity. A solution of acetylene tetrabromide with a ‘+ ; 


specific gravity of 2.80 was chosen for fractionating the various sizes. 


fe oe) 


Taste 8.—Float-and-sink Tests of Oversize hy. 
Size, mesh | Product, Sp. Gr. bier 5 tee Binder | pg heer | 
+3 | Hloationg2: 83". seen enone 97.30 0.84 54.49 
Sinking 28 Seecet s oe eee a 2.70 25.08 45.51 
Goinpasitesien. <2 keore 100.00 1.49 100.00 
3) bid? 7) Bloatiomi2 8 2h2 eek ee ee 97.59 eS: 60.33 
Sink: in:'2.8 5508. se 44. eee oe t 2.41 30.55 39.67 
4?=Compagites.. 2... sea oeee 100.00 1.87 100.00 
=4)-5 "61. Float on! 2: 80228) eee ee 96.99 fit Osa 55.38 
Sinkwnt2/9 Sy shee 3.01 29.79 44.62 — 
Composites. «onc comes tee 100.00 2.01 100.00 
—(0 4-1 o0-| Host On 2:8ocs.e ee Ree 97.03 0.91 48.91 
STK ITL te Semescecine oe eee 2.97 31.01 51.09 
Composites, cna eee 100.00 - 1.80 100.00 
8 ie Oa EO a iene. 8 4. ere eee 96.17 0.84 . 38.75 : 
Re WOU cert cieb’ A een PRR ap TNA Warns Sh 3.83 33.14 61 2555 
Campasite<*. ¢< 5.0. State 100.00 2.07 100.00 


The mean grade of the floats on 2.8 sp. gr. is about 1.0 per cent. blende. This 
would be a certain loss if gravity concentration were relied upon. 

Table 9 gives the screen analyses of the —10-mesh undersizes removed after each 
period of grinding. 

Each —10-mesh undersize is richer in zine content than the succeeding ones; 
the range is from 6.30 per cent. to 2.98 per cent. blende. Also, each size is richer than 
the same size of the succeeding periods; in other words, the differential grinding effect 
was most marked at the beginning and gradually failed. This was to be expected, as 
the differential effect will vanish when all of the original sample has been rece 
through 10 mesh. The differential grinding effect is an inverse function of the per- 
centage of weight reduced through the 10 mesh. a 


re 
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given in n Table 10. 


oe 9.— Screen Analyses of 10-mesh Undersize after Each Period of 


Grinding 
_oenk dace | ¢ ° Blende, Distri- 
| Undewine | Undeize Removed at sag wae Par Gi, | Assay Por | bution of 
lise | First minute of —10+4+ 35 | 59.88 3.95 87.51 
grinding —35 + 100 17.16 9.12 24.82 
hes —100 22.96 | 10.34 | 37.69 
Composite........ 100.00'| 6.30 100.00 
2 Second minute of —10+ 35 68.63 3.04 42.00 
grinding —35 + 100 16.47 8.14 26.98 
; —100 14.90 | 10.34 31.02 
Composite........ 100.00 4.96 100.00 
3 Third minute of —10 + 35. 4 71.07 2.50 44.59 
grinding —35 + 100 16.89 6.15 26.05 
—100 12.04 9.73 29.36 
Composite........ 100.00 | 40.0 100.00 
4 Fourth minute of —10+ 35 TEEN ALD 45.86 
grinding —35 + 100 15.53 | 3.95 | 20.54 
—100 12.70 7.90 33.60 
Composite........ 100.00 | 2.98 | 100.00 


TasLe 10.—Composite Analysis of the Five Products from the Tumbling 


Test 

Pod Sie Mo re eeu ores 
Oversize +3 9.41 1.49 4.55 
—-3+ 4 7.22 1.87 10.40 
—-4+ 6 12.36 2.01 8.07 
—6+ 8 9.23 1.80 5.40 
=5 10 6.26 2.07 4.20 
TORT OVELSIZC: coh gaen es 3's 0, 54.48 1.85 32.62 

- Undersize 

No. 1 —10 11.28 6.30 23.07 
No. 2 »— —10 11.48 4.96 18.48 
No. 3 —10 11.59 _ 4.00 15.02 
No. 4 —10 lel anhzé 2.98 10.81 
Total undersize.............. 45.52 4.53 67.38 
Composites. nue ee ioe 100.00 3.09 100.00 


This test is one of several. The results did not justify a commercial trial. The 
conclusion was that differential grinding did not apply effectively enough to ores so 
disseminated as the Picher ores. The alertness of the authors of the paper under dis- 
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cussion enabled them to apply differential grinding to an ore like the synthetic 
one mentioned. 


C. E. Locxsz, Cambridge, Mass.—The old principle, “Save your mineral as soon 
as you can,” I think still exists. The old principle of “Don’t grind material that is 
already sufficiently fine’’ still exists, and Mr. Dorr has admirably shown how to 
avoid grinding material that is already sufficiently fine.2 We might go down through 
the list of basic principles and find that they exist and apply just as strongly as they 
ever applied, unless they are modified by metallurgical expendiency. For example, 
this basic flow sheet may be modified. It is good practice to remove fines that are 
already sufficiently ground. However, at Kimberley, B.C., they have demonstrated 
fully to their satisfaction that on the Sullivan ore fine material should pass through 
their grinding mill before it is classified. In other words, metallurgically it needs 
a little bit of brightening before it will float satisfactorily; consequently, they will 
never agree to a desliming operation as their first step of grinding. 


J. V. N. Dorr, New York, N. Y.— I think that has been found out in one or two 
other places. 


C. E. Locxr.—Banks and Johnson have demonstrated the advantages of differ- 
ential grinding, taking advantage of the relative hardness and softness of material and 
utilizing that quality in economically grinding and concentrating their ores. It is the 
same thing that Mr. Bradley did on the Alaska Juneau—rejecting hard quartz in the 
grinding and crushing operation. It is the same thing that has been done elsewhere. 
It is a thing that warrants study everywhere. 


2 See page 109. 


Importance of Classification in Fine Grinding 


By J. V. N. Dorr,* New York, N. Y. ann A. D. Marriott, { DENvER, Couo. 


~ 


(San Francisco Meeting, October, 1929) 


TuHIs paper reviews recent developments in the application of classi- 
fication practice to the origination of fine-grinding flow sheets and traces 
the history of the mechanical classifier from its initial application for 
separating cyanide process sands and slimes down to its present six or 
more distinctly different applications at copper concentrators; it under- 
takes to show also, by reference to diagrammatic fine-grinding flow 
sheets and accompanying operating data from nine copper concentrators 
in western North America, the advantages gained from improved classi- 
ficiation flow sheets at these properties in terms of reduced grinding costs, 
improved flexibility of operation or increased recovery. Comparison 


_is only made between different fine-grinding flow sheets at a given plant 


and no attempt is made to compare different concentrators, on account 
of ore variations and differences in metallurgical objectives sought. 
The adoption of the flotation process in recent years, and especially 
the development of selective flotation, has brought a demand for much 
finer grinding than formerly. This has caused much thought to be given 
to grinding efficiency, and today there is hardly a mill where the grinding 
flow sheet is not under close study and subject to frequent changes. 
When closed-circuit grinding was introduced into metallurgy some 
years ago, its value was recognized at once, and since then the combination 
of mills and classifiers has been regarded and operated as a grinding unit. 
Apart from variations in both the grinding and classifying elements 
of this unit, there have been many variations in grouping tried by different 
mills to suit varying conditions of ore and plant limitations. Although 
operators feel that in most cases their present flow sheets are on trial, 
and the data on present work are often incomplete, we have felt that a 
discussion of the progress that has been made and an endeavor to show 
present trends and their results should be of use to the profession. We 
have therefore prepared flow sheets of some of the larger mills with which 
we have been in contact and present them with available data as to their 
results, in the hope that they may be of service now rather than later 
when practice may have become more standardized and more complete 
records and analyses have been made. We believe that the data given, 


* President, The Dorr Company, Inc. 
+ Metallurgical Engineer, The Dorr Company, Inc. 
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incomplete as they are, indicate that great progress has been 1 
the reduction of grinding costs, increased recoveries, and impro 
plant-operating conditions. * 7 | loa 
While the title of this paper is broad, the discussion has been confined : 

to wet fine grinding with mechanical classifiers, particularly as carried ‘ 
on in the copper plants of the western part of North America, and has — 
necessarily been limited to the information obtained from contact with an 
the machines with which the authors are familiar; 7. e., the Dorr Classifier _ ; 
and Dorr Bow! Classifier. cee a 


DEFINITIONS 


At the risk of seeming elementary, it has been thought best, for the 
sake of clarity, to define some of the terms used in the paper. 

Classification is a mechanical operation which separates the solid 
constituents of a flowing pulp into two portions according to their 
respective settling rates. Usually it implies the removal of a finished 
product, called the ‘‘overflow”’ from a product requiring further grinding, 
called the ‘‘sand.”’ mi 

Overflow is the comparatively finer, more slowly settling portion of the ) 
original pulp, which is carried over the tail board or lip of the classifier 
by the flow of water. 

Sand is the comparatively coarser, more rapidly settling portion of 
the original pulp which is discharged from the classifier by the mechanical 
action of the rakes. 

Selective Classification is classification which has for its object the 
concentration of the heavy constituent of the original pulp, generally 
the sulfide, in the sand product, so that it may be ground finer than the 
lighter portion, generally the gangue. 

Mill is the generic term used to describe grinding mills, whether ball, 
pebble, or rod mills. 

Fine grinding is the reduction of crusher or roll products accomplished 
by mill-classifier units usually to pass a 14-mesh screen or finer. 

Open-cireuit grinding is a method of comminution which aims to 
secure the desired reduction in particle size by a single passage of the 
material through the mill. 

Closed-circutt grinding is a method of comminution in which a partially 
finished mill discharge is separated by a classifier into a finished overflow 
product and an unfinished sand product which is returned to the mill 
for further grinding. 

Grinding efficiency has been variously defined and many formulas 
evolved for its determination. Unfortunately, little agreement is dis- 
cernible in the results obtained by any two authorities on the subject. 

From a mechanical standpoint, grinding efficiency should take into 
account such items as the screen analyses of feed and discharge; tonnage 
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ground during a given period of time; power, liner and media consumption 
for that period ; maintenance and capital charges, etc. From an economic 
standpoint, grinding efficiency involves, in addition to the foregoing 


items, such factors as the recovery of mineral, ratio of concentration,. 


selling price of the metal, ete. Each mill operator attempts to strike a 
happy medium among the many factors involved—one that will yield 
him the greatest possible net profit for the flow sheet used—consequently 
mention of such an ambiguous term in this paper has been avoided as 
much as possible; instead, where available data permitted, specific fac- 
tors affecting in no uncertain way the economics and savings in the 
concentrator itself have been singled out for emphasis. 


CLASSIFICATION 


The uses of classification may be grouped under three broad headings: 

1. To make a size separation; for example, a sand-slime separation 
so that each product may be given a different treatment. 

2. For closed-circuit grinding, so that the maximum size of particle 
escaping from the circuit may be limited, and so that the useful work 
done by the mill may be increased by enabling the mill to operate largely 
in reducing oversize rather than in overgrinding material already 
fine enough. 


3. For differential grinding of the heavy mineral constituent and the 


gangue, by selective classification which concentrates the mineral in the 
sand product and causes it to be ground finer than the gangue before it 
can escape in the overflow product. 

The desired function, together with the character of the ore and 
such factors as the tonnage to be handled, mesh of separation, etc., 
determine the selection of the proper size and type of classifier. The 
Dorr classifier and bowl] classifier are in use for making separations from 
as coarse as 10 mesh to as fine as 350 mesh. The first classifier is better 
suited for making coarse separations and for handling large circulating 
loads where relatively small overflow capacity is required. The bowl 
classifier with the double washing action gives a closer separation at the 
desired mesh and a cleaner sand product; permits, through the selection 
of the proper bow] size, any required relation between overflow and sand- 
raking capacity; offers greater range as a mineral concentrator for selective 
classification. Finally, it is better suited for separations finer than 48 
mesh and for securing an overflow capacity relatively large compared 
with the sand-raking capacity. 

Both machines are capable of adjustment to cover considerable 
range of conditions. Adjustments in slope of classifier tank, rake 
speed, and dilution of overflow pulp and, in the case of the bowl classifier, 
additional adjustments of backwash water and bowl speed, are necessary 
to obtain the desired closeness and mesh of separation. In designing the 
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thereafter as 


Evoiution or Present FINE-GRINI 

Open-circuit Grinding.—The first application — 
classifier was to open-circuit work with grinding mills in 
of gold and silver ores, for the purpose of producing two pr 
slime-free sand for treatment by percolation and a sand-free : 
‘ treatment by agitation and filtration or decantation. hI 
: Closed-circuit Secondary Mills——Advances in the art of treat ce 
-___ eyanide slimes and the reduced cost of fine grinding made possible by the _ 
early tube mills led to the use of the mechanical classifier as a means of mc, 
controlling the fineness of the pulp leaving the grinding plant as feed to a 
the all-slime cyanide treatment. Operating in closed circuit with the 
tube mills, the classifier not only controlled fineness more accurately but = 


greatly reduced grinding costs. = 
| Closed-circuit Primary Mills —The adoption of two-stage fine grinding, ‘ 
due to a recognition that too great a size reduction in one mill with one 
ball charge was uneconomical, led to the use of the primary mill and sub- 
sequently a mechanical classifier in closed circuit with it. Reductions 
in grinding costs were again obtained, and in addition a convenient 

" means was provided for apportioning the work between the two stages. 
Intermediate Classification between Stages of Fine Grinding —The next 
step was the interposition of a bowl classifier between the primary and 
secondary grinding circuits. This classifier operated in open circuit, 


ee 
receiving as its feed the overflow from the primary circuit, overflowing 3 
material of finished size and discharging a clean sand product direct to the Ka 
closed-circuited secondary mill. This materially improved operating < 


conditions in varying degree at different plants in accordance with the 
arrangement of the preceding flow sheet. Some of the principal advan- 
tages of the use of this step may be summarized as follows: 

1. Because of the additional classifier capacity added, there may be 
obtained: (1) a lower dilution in the secondary classifier overflow at the 
same mesh of separation, or a finer separation at the same dilution; 
(2) an increased circulating load capacity in the secondary circuit caused 
by feeding the bowl sand directly to the secondary mills. 

2. By overflowing the bowl direct to flotation, and thereby causing 
the primary slime to bypass the secondary circuit, there may be obtained: 
(1) a greater overflow capacity in the secondary classifiers on account of 
the reduced tonnage and the absence of primary slime; (2) a more uni- 
form product from the secondary circuit because of the absence of primary 
slime, which greatly affects classification control. 


s 
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3. The efficacy of the bowl classifier as a concentrator results in 
selective classification with concentration of the heavier material in the 


sand, thus facilitating subsequent differential grinding. 
_ Finishing Bowl Classifiers —Finishing the entire flotation feed in 


a bow! classifier, with provision for regrinding the sands in a separate or 


tertiary circuit, first proved attractive in the cyanidation of gold ores in 
which the values were chiefly associated with the heavy pyrite con- 
stituent. Here the bowl reclassified selectively the relatively coarse pulp 
from the secondary circuit, overflowing the bulk of the quartz and only 
the finest sulfides for treatment, concentrating the sand product to 
five or six times the assay of the original ore and regrinding this high- 
grade material as fine as its assay warranted. The net result has been a 
higher extraction, a coarser over-all grind, and a reduced grinding cost. 

The same principle has been successfully applied more recently in the 
dressing of copper sulfide ores for flotation. The sulfide mineral, 
being heavier than the gangue, concentrates readily in the bowl sand, 
and is subjected to regrinding for more complete liberation of associated 
minerals. In this way the mill is not burdened with gangue material 
upon which no further work is required. Moreover, the finishing bowl 
classifier protects the flotation operation against tramp oversize from 
preceding classifiers and assures a uniform product from the entire 
fine-grinding section, convenient for sampling and distribution to the 
succeeding units. 

Preliminary Desliming Classifier—The product from the last stage 
of crushing generally contains some material of finished size and always a 
certain amount that is finer than the overflow of the primary classifiers. 
Accordingly, preliminary classifiers have recently been installed at several 
plants between the last stage of crushing and the first stage of fine 
grinding. Operating in this manner, primary slime is removed at the 
outset and sent direct to flotation (or to subsequent steps in the process) 
and the effective working capacity of the primary mills is increased. 


VARIED ILLUSTRATIONS OF IMPROVED Metuops or FINE GRINDING 


Considerable initiative has been displayed by plant operators in 
applying the fundamental principles involved to a continually closer 
solution of their respective fine-grinding problems. To give details of the 
progress at all of the copper sulfide properties in this part of the con- 
tinent is beyond the scope of this paper. Therefore, the discussion is 
limited to nine large concentrators selected as representative of the 
improved methods of fine grinding in vogue. 

Each of these plants has remodelled its fine-grinding flow sheet several 
times during the past few years with striking differences in the results 
obtained. The changes are shown by the flow sheet diagrams (Figs. 
1 to 9) and the results obtained in each case have been indicated, in so far 
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as available data would permit, in the tabulations a 
of these flow sheets apply only to test sections r 
entire concentrator. wie ph coil ae oe 
No attempt is made to compare practice at different plants, si ce | 
character of the ores and other conditions differ greatly. A comp -. 
of different grinding flow sheets at a given concentrator is justified as by. 
long as preliminary crushing and succeeding extraction methods remain 
fairly constant, and this is the only comparison made in this paper. a 


vs 
, J 


fa 
Indices of Comparison Ht ohpss 

The basic figures upon which comparisons are made have been chosen 
as the best available for definitely indicating present trends. They 
have been secured or derived in the following manner: 

Rated Section Tonnage is either the average tonnage handled during 
a test or the average over an extended normal operating period on which 
reliable data were available. im " 

Unit Power Consumption (kilowatt-hours per ton ground), unless a 
otherwise noted, is the daily section tonnage divided into the daily 
kilowatt-hour. consumption of the fine-grinding section. It usually 
includes the power consumed not only by the cylindrical mills but also by 
the classifiers, pumps, conveyors, elevators and other accessories. 

Comparative Screen Analyses were taken from actual operating 
records or from reports of tests and represent conditions prevailing when - 
the section was handling its rated section tonnage. 

Metallurgical Results were obtained in the same manner as the 
screen analyses. It should be noted that ‘‘per cent. Cu” refers to total 
copper present, regardless of the nature of its occurrence (sulfide, oxide, 
carbonate, etc.). Consequently, the relative recoveries of available 
copper (copper sulfide) are masked in these figures. 

Tons Ground per Day through 100 Mesh was derived by multiplying 
the rated section tonnage by the difference between the percentage of 
+100 mesh in feed and the percentage of +100 mesh in the flotation 
heading, both percentages being expressed as decimal fractions. | 


Cananea Consolidated Copper Co., Sonora, Mexico - 


The Cananea Consolidated Copper Co.’s mill consists today of three 
sections, two of which are represented by flow sheet 1 and the third 
by flow sheet 2 in Fig. 1. These flow sheets and the accompanying com- 
parative operating data were supplied by R. E. Howe, general super- 
intendent, and A. T. Tye, metallurgist. (Tables 1 to 3.) 

The increase in section capacity, reduction in unit power consumption 
for fine grinding, and consumption of grinding media, and the slightly 
finer over-all grind are of particular interest in this case, because these 
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improvements were made by increasing the classification capacity and 
increasing the ball load of the secondary mills from 8 to 15 tons of balls. 
Part of this improvement may be credited to greater classifier capacity 
and the remainder to the fact that the ball mills in flow sheet 2 were loaded 
to capacity whereas the ball mills in flow sheet 1 were underloaded, being 
handicapped by insufficient driving power. 


SINGLE STAGE CLASSIFIER 
IN CLOSEO CIRCUIT WITH 
SINGLE STAGE CLASSIFIERS 

THREE SECTIONS 


IN CLOSED CIRCUIT WITH 
SECONDARY BALL MILLS 


PRIMARY ROO MILL 
BOWL CLASSIFIER 


INTERMEDIATE 


FLOWSHEET 2 


a 


Bi 


TOFLOTATION 


‘I 


SINGLE STAGE CLASSIFIERS 


PRIMARY ROD MILL 
SECONDARY BALL MILLS 
IN CLOSED CIRCUIT WITH 


FLOWSHEET / 
TO FLOTATION 


Fig. 1.—GRINDING FLOW SHEETS, CANANEA CONSOLIDATED Coprrr Co. 


The advantages of closing the primary circuit have been brought 
out convincingly by numerous tests, the averages of all of which show 
that closing the primary circuit has increased 29.2 per cent. the tonnage 
ground through 48 mesh, equivalent to 105.8 additional tons of —48-mesh 
product per day, or an estimated saving of $30.68. 

The intermediate bowl classifier removes 40 per cent. of the section 
tonnage which has been finished to flotation heading size in the primary 


: 
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circuit. ‘The unfinished balance is delivered to the secondary circuit 
in a deslimed condition and is reground to finished size without difficulty 
since the ball mills now produce 7.37 tons —48-mesh material per mill 


Tasie 1.—Comparative Capacities and Unit Power Consumptions, 


Cananea 
6 Months’ Average Operation 


i 


| Flow Sheet 1 | Flow Sheet 2 


Rated section tonnage per day..-...:.........2-2-4-- 707 1018 
Unit power consumption, kilowatt-hours per ton ground 
Primary. millsv22.ce. peice aa Se Oe 3.05 2.20 
Secondary, mills: t4-y-loca. cele eel eel is) eee eee 4.93 4.32 
Classifiers’ and elevators=s.<.. cpt io Jee eee 0.34 0.18 
| 8.32 6.70 
Unit steel consumption, pounds per ton 
Premary circuits. Uae acted ear el Conn eee 0.713 0.459 
Secondary: Giredite. .c). 40 err ites eee ree 1.328 1.283 
Mortal: siete cece epee @ a aa 2.041 1.742 
Tons ground per day through 100 mesh................. 510 798 
Unit power consumption, kilowatt-hours per ton —100 mesh’ 11.52 8.53 
Tons ground per day through 200 mesh................. 412 700 
Unit power consumption, kilowatt-hours per ton —200 mesh 14.30 9.73 


TaBLE 2.—Comparative Screen Analyses, Cananea 


Flow Sheet 1 Flow Sheet 2 

+48 +65 | +100 | —200| +48 “465 +100 | —200 

Mesh .| Mesh | Mesh | Mesh | Mesh | Mesh | Mesh | Mesh 
Section feed. ..5.5....<5002+| 82.00) 86.0) 89.8 |) 5.8.87 01) so. oe yan 
Primary mill discharge........| 41.6| 51.6] 58.2| 83.8] 59.4! 66.0) 70.8/| 23.4 
Primary classifier overflow... . 42.0| 49.2| 55.6| 36.2 
Bow] classifier overflow*...... 1.6| 4.8] 10.4| 78.4 © 
Secondary classifier overflow..| 2.0} 8.6) 17.4| 69.0! 1.1] 7.2) 16.5) 68.6 
Combined flotation heading...| 2.0) 8.6| 17.4| 69.0] 1.3] 6.2| 14.2] 73.1 


* Bowl overflow = 40 per cent. section tonnage. 


TaBLE 3.—Comparative Metallurgical Results, Cananea 
6 Months’ Average Operation 


a ee 


Flow Sheet 1 Flow Sheet 2 
Heads, per cant. Cu... cacahan aut 3.52 3.39 
Concentrates.....-. 0. eee : 22.60 ONT: 
Tails... .... csc seed ae 0.181 0.173 
Concentration Tatiogs, se eee 6.70 6.72 
Reco very «bli... <n ee ene 95.69 95.69 
a 


ton te ates oy 
incr ase in ball load and better classification. 


a The Allenby mill consists of two 


sections. 


7 Charny 5 F Ps " 
Thisincrease 


Flow sheet 1, Fig. 2 


+ represents a fine-grinding section after the addition of fuistane how! 


a 


Sheet 1, Allenby 


Mesh Cumulative Per Cent. Weight 
é 5 . + 65 2.70 
ete +100 16.34 
a +150 24.58 
-- +200 37.88 
+270 45.08 
+325 50.40 
—325 100.00 


v ee 4.—Screen Analysis and Copper Assay Flotation eens, Flow 


Per Cent. Cu. 
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— Tasie 5.—Screen Analysis and Copper Assay Flotation Concentrate, Flow 
Sheet 2, Allenby 


, Before Concentrate Regrind After Concentrate Regrind 
Mesh ‘ ; : 

¥ reer | Per Cent. Cu | Camulative Fer | ~ Per Cent. Cu 

. + 65_ 1.76 13.98 

: +100 10.54 11.39 0.50 17.37 
+150 16.80 12.73 1.60 20.45 
+200 27.80 14.79 4.44 19.93 
+270 38.72 17.84 9.44 19.63 
+325 46.86 23.76 18.44 21.33 
—325 100.00 36.85 100.00 35.43 

AVETAQE... cece: 27.10 32.54 


TaBLE 6.—Comparative Capacities and Unit Power Consumptions, Allenby 


Flow Sheet 1 


Flow Sheet 2 


Rated section tonnage per day.......... eae 
Tons ground per mill hour: +............... 
Tons ground per day through 100 mesh..... 
Tons ground per mill hour through 100 mesh 
Tons ground per day through 200 mesh..... 
Tons ground per mill hour through 200 mesh 


i nnn nee EEUU EIEEIEEEE SESE SSSESESSSSEEEESSEESSE EEE ee 
classifiers in 1925. Flow sheet 2, Fig. 2, represents a fine-grinding section 
as of 1929, with the exception that the intermediate bowl classifier serves 
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FLOWSHEET I 


FEED 


PRIMARY BALLIAILLS 


(N CLOSEO CIRCUIT WITH 
SINGLE STAGE CLASSIFIERS 


SECONDARY TUBE MILLS 


IN CLOSED CIRCUIT WITH 
SINGLE STAGE CLASSIFIERS 


FINISHING BOWL CLASSIFIER 


IN CLOSED CIRCUIT WITH 
TERTIARY TUBE MILL 


TO FLOTATION 


FLOWSHEET 2 


FEED 


PRIMARY BALL MILLS 


IN CLOSED CIRCUIT WITH 
SINGLE STAGE CLASSIFIERS 


SECONDARY TUBE MILLS 


IN CLOSED CIRCUIT WITH 
SINGLE STAGE CLASSIFIERS 


INTERMEDIATE BOWL CLASSIFIER 


IN OPEN CIRCUIT WITH 
TERTIARY TUBE MULLS 

NOTE:- [INTERMEDIATE BOWL CLASSIFIER 
SERVES BOTH SECTIONS 


FINISHING BOWL CLASSIFIER 


IN CLOSED CIRCUIT WITH 
TERTIARY TUBE MILL 


TO FLOTATION 


Fic. 2.—GRINDING FLOW SHEETS, Granpy CoNnsoLIDATED Minina, SmevtTina & 
Power Co., Lrp. Two sEctions. 
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small amount of pyrite. The copper sulfides ane 
throughout the gangue, thus necessitating extre r 
effect liberation. tg 

The flotation heading produced in flow sheet 1, handling about i 
tons per day, was found to contain too great a percentage of +65 and 
+100-mesh material, as shown by Table 4; which indicates that: 
dividing line in the copper lies at 100-mesh separation.. 

Flow sheet 2 was subsequently adopted for both mill Bk ts In a 
this manner the +100-mesh material in the flotation heading was reduced dif 
by 10 to 15 per cent. and the section tonnage increased from 1000 tons : 

per day to 1250 tons. In the absence of segregated power figures, the i 
two flow sheets are compared on the basis of tons ground per mill hour, 
which is believed to be roughly inversely proportional to the unit re cee 
consumption per ton milled. 

A considerably greater percentage of the feed was ground throughs oa 
both 100 mesh (78.6 per cent. as compared with 66.9 per cent.) and 200 © 
mesh (65.5 per cent. as compared with 49.5 per cent.) by means of the © 
additional equipment and its arrangement in flow sheet 2. This is of 
great importance, because tailing losses were found to mount rapidly 
in the +200-mesh material, and were relatively even higher in the +100- 
mesh material. 

Shortly after the adoption of flow sheet 2 it became necessary to i 
raise the grade of concentrate, on account of freight charges and smelter . 
rates. Since all the copper in the +200-mesh sizes is attached to gangue, 
regrinding of the coarse material in the rougher concentrates was decided 
upon as the most economical method of bettering the grade. The 
additional equipment provided for this purpose consisted of a thickener, 
bowl classifier, ball mill and the necessary pumps. Rougher concentrates, 
after tickenines are reground in the mill in closed circuit with the bowl 
classifier to a per cent. or two on 200 mesh and refloated and doubly 
recleaned in a separate circuit. The effect of this change in flotation 
practice is brought out in Tables 5 to 8. 


Miami Copper Co., Miami, Arizona 


The Miami Copper Co., as shown by the flow sheets in Fig. 3 and 
comparative operating data furnished by H. D. Hunt, mill super- 
intendent, and R. L. Montjoy, metallurgist, has gone farnien four stages 
of experimentation in the development of fine-grinding flow sheets. 
Flow sheets 1, 2 and 3 were used at various times from 1923 to 1929, 
while flow shee 4 represents the final development as of August, 


ae 


9, which, en tee the rede classifiers used bale in two 
ections,is now in use in all of the six sections. (Tables 9 to 11. ) 
_ Whereas the first flow sheet provided only for closed-circuited second- 
ary mills, the succeeding flow sheets demonstrated the desirability of 


_ partly closing the primary circuit, finishing all flotation heading in bowl 


| 


ae oe 


classifiers, in closed circuit with tertiary regrind mills, and desliming the 
roll product before introduction into the primaries. All of these features 


_ have been incorporated in the final flow sheet 4. The primary circuit 
would have been completely closed had it not been for insufficient 


capacity of the classifier overflow. 
There has been a progressive stepping up of the tonnage handled 
per section from 1278 tons per day to 2821 tons per day, and this has 
_been accomplished without a corresponding increase in grinding cost, as 
evidenced by the unit power consumption of 5.84 kw-hr. per ton in flow 
sheet 4 as against 6.23, 7.24 and 7.16 in flow sheets 1, 2and 3 respectively. 
A study of the table of comparative screen analyses (Table 10) shows 
that the tendency recently has been to grind coarser prior to the first 
step in flotation, and for this reason the unit power consumption per 
ton of —100 mesh and —200 mesh does not show the decreases that 


might be expected. In this connection it should be borne in mind that 


present practice at Miami calls for a rough concentration of the coarse- 
grinding section product followed by regrinding this concentrate in a 
separate circuit prior to final concentration. 


TABLE 9.—Comparative Capacities and Unit Power Consumptions, Miami 


Flow Flow Flow Flow 
Sheet 1 Sheet 2 Sheet 3 Sheet 4 
| 
Rated section tonnage per day............. 1278 | 1483 | 1480 2821 


Unit power consumption, kilowatt-hours per, 6.23.| 7.24 | 7.16 | 5.84 
| | . 


(ronnie tol ee ee. Sn ae ee 


Tons ground per day through 100 mesh......| 804 1043 | 969 1552 
Power consumption, kilowatt-hours per ton, | 

Sor (OMICS cae cote Yah ot gece ose «al 90 10.29 10.94 10.61 
Tons ground per day through 200 mesh... .. ate 762 721 1131 
Power consumption, kilowatt-hours per ton, | 

Evo Medio. fet pth. foc. 6 OS | 12.92} 14.09 | 14.69] 14.56 


Where assays are available there is ample evidence of the concentra- 
tion of mineral in the classifier discharges and the consequent selective 
grinding action, which subjects the mineral to a finer degree of comminu- 
tion than the gangue. The density of flotation heading has increased, 
especially after the introduction of the large finishing bowl classifier 
in flow sheet 4, overflowing to flotation at 38 per cent. solids. 

Miami practice today is an example of three-stage fine grinding 
with all flotation heading originating at a single point, convenient for 
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adjustment of density and fineness. Ample classifier capacity ahead 
of and between the various stages with the exception of the under- 
capacity secondary class’ fiers, permits finished material to escape quickly 
as soon as it has received the treatment intended by that particular stage. 


N evada Consolidated Copper Co., Nevada Mines, McGill, Nevada 
The McGill, Nevada, concentrator of Nevada Consolidated Copper 


_ Co., as shown by the six flow sheets of Fig. 4 and accompanying operating 


Ants over a period of years has tested five types of fine-grinding layouts 


. and at the present time is preparing to operate a test section with the 


TaBLE 11.—Comparative Metallurgical Results, Miami 


| Flow Sheet 1 | Flow Sheet 2 | Flow Sheet 3 | Flow Sheet 4 


Heads, per cent. Cu........... 1.74 bye bi 1.686 0.81 
Concentrates, per cent. Cu..... 42.26 47.176 39.993 38.02 
ails, per cent: Cu... bn. 2s ak 0.28 0.24 0.27 0.18 
Concentration ratio........... 28.75 31.91 28.05 60.06 
Recovenryic-s<c..uss€ sR ee 


84.4 86.3 84.5 78.1 


arrangement indicated in flow sheet 6. Flow sheet 1, simple single-stage 
open-circuit grinding, was used prior to 1919 for preparing ore for gravity 
concentration; No. 2 was applied in 1919 when flotation was adopted; 
No. 3 was tried out early in 1928, and Nos. 4 and 5 were subjected to 
competitive tests in 1929. (Tables 12 to 15.) 

There has been a progressive increase in section tonnage without use 
of additional mills, a reduction in unit power consumption, a reduction 
in tailing assay and an increase in recovery. Identical grinding and 
classifying equipment was used in flow sheets 3, 4 and 5 and these three 
flow sheets were tested simultaneously, yet flow sheet 5, producing the 
coatsest over-all grind, appeared to give the best metallurgical results. 

The conclusions drawn by the metallurgical and operating depart- 
ments from the comparative tests of flow sheets 3, 4 and 5 are as follows :— 

1. Flow sheet 3, where the section heading is sent to the preliminary 
bowl classifier for the removal of primary slimes ahead of the ball mills, 
appears to provide for greater section tonnage or finer grinding with the 
same tonnage, than either flow sheet 4, where the bowl is in parallel 
closed circuit with the mills, or flow sheet 5, where the bowl is in tandem 
closed circuit with the mills and single-stage classifiers. This is probably 
due to the removal of finished material at the outset, thus providing more 
opportunity for useful reduction of unfinished material in the mills. 

2. Flow sheet 5, with the bowl in tandem arrangement, appears to 
produce conditions in the flotation heading conducive to increased 
recovery, even though the over-all grind is coarser than that of either 
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FLOWSHEET # FLOWSHEET 2 


BALL MILLS 
BALL MILLS ’ IN CLOSED CIRCUIT WITH 
SINGLE STAGE ‘ 
CLASSIFIERS 
TO GRAVITY 
CONCENTRATION 


TO FLOTATION 
FLOWSHEET 3 5 FLOWSHEET 4 
SECTION FEED 
PRELIMINARY ec BALL MULLS 
erin Se IN CLOSED CIRCUIT WITH 
FOLLOWED BY BOWL CLASSIFIER 
mutes 
geen AND SINGLE STAGE 
IN CLOSED CIRCUIT CLASSIFIERS 
WITH : 
SINGLE STAGE 
CLASSIFIERS 
CLEANER CLEANER 
TAILS 
70 FLOTATION TO FLOTATION 


FLOWSHEET 6 
————_—_—___ 


FLOWSHEET 5 


PRIMARY BALL MILLS e 
IN CLOSEO CIRCUIT WITH 
SINGLE STAGE CLASSIFIERS 
a 


ANDO IN TANDEM CLOSED CIRCUIT 


Pe WITH BOWL CLASSIFIER 


ALTERNATE ™~- 
cri Sie ss 
SECTION FEEO FEED ‘AS 


FINISHING BOWL CLASSIFIER 


BALL MILLS 
INCLOSED CIRCUIT 
piplepeete ss SECONDARY BALL MILL 
AND IN TANOEM Snciener eee 


CLOSED CIRCUIT WITH 

BOWL CLASSIFIER 

NOTE :- DOT ¢ DASH FLOWLINES 
INDICAT 

cision NOICATE ALTERNATIVE, ARRANGEMENT 


TAILS 70 FLOTATION 


TO FLOTATION 


Fig. 4 —Ha.r-secTion GRINDING FLOW SHEETS, Nevapa MINES, NpevaDA CONSOLIDATED 
Copper Co. Six AND ONE-HALF SECTIONS. 


ow | Flow 


| Flow . low Flow 
| Sheet 1 | ‘sheet 2 | Sheet 3 | Sheet 4° | Sheet 5 — 


7 Pe Ie : 
Pera Sete .| 1730 | 2090 | 2910 | 2940 2880 


DN beg bate 30.3 30.6 30 
One Se en : ; 3.7 aur | 
Power SGoacm plo! kilowatt-hours| . 
per ton —100 mesh............ 13.5 12.6 7.9 8.2 11.7 
_ Tons ground per day through 200 ' ; 
aes eis Te Ra teee 623 | 1004 | 1000 | 706 z 
__ Power consumption, kilowatt-hours fees 
; per ton —200 mesh............ 17.4 10.8 10.9 15.4 : 
¥. 


= 


* Mills only. 
» Flow sheet 4 to date has shown to be unfavorable because of difficult operating 


conditions. 


Pa, 


TABLE 13.—Screen Analyses, Nevada Mines 
ParTIAL COMPARATIVE ANALYSES 


~ Flow Flow Flow Flow | Flow 
Sheet 1 Sheet 2 Sheet 3 Sheet 4 Sheet 5 
Average section feed 
+ 48 22162 60.4 61.8 61.8 58.9 
+ 65 67.2 67.8 67.8 64.0 
+100 95.2 71.8 72.8 72.8 68.6 
—200 22.3 20.6 20.6 24.0 
Average section tailing 
f + 48 23.6 7.8 2.9 4.2 9.0 
ie + 65 z 19.9 14.0 16.7 21.8 
a +100 | | 48.6 30.5 26.0 27.6 36.4 
q _ —200. 52.1 55.1 54.6 48.5 
‘_ Complete ANALYSES, FLow Suret 5 
- +48 +65 +100 —200 
| SEG. See 58.9 64.0 68.6 31.4 
fee Ballimill discharge? ws... 05... 005 35 0s 42.8 57.0 67.8 32.2 
4 Single-stage classifier overflow........ 17.1 30.3 43.3 56.7 
Bowl classifier overflow............-- 6.2 14.9 26.6 73.4 
Bictationsheading sce cles ss 2 safes 6.2 14.9 26.6 73.4 
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flow sheet 3 or 4. The reason for this is presumably the fact that rela- 
tively coarse and nonfloatable particles of cleaner tails and even insuf- 
ficiently ground new sulfides are easily included in the pulp overflowing 
the single-stage classifiers, but are not readily overflowed from the more 
efficient bow] classifiers, which, acting as sulfide traps, return the coarse, 
heavy particles to the ball mills until more complete liberation and 
selective grinding of mineral has been accomplished. 

3. A study of copper losses with flow sheets 3, 4 and 5 indicates the 
superiority of flow sheet 5, in the case of both the +100-mesh and —100- 


TasLe 14.—Comparative Metallurgical Results, Nevada Mines 
Average of Daily Averages during 16-day Test 


oye.) ele eS ee 


Flow Sheet 3 


Flow Sheet 4 


Flow Sheet 5 


Heads=pen cent: Cute ya. ek. ore setae | 1157 Pv167 1.163 
Concentrates, per cent. Cu.................| 21.67 20.78 19.78 
Tadsr percent. CUure os cea a. ott: eek . 0.142 0.145 0.113 
RECOVERYR Eee eae ete ea cea 87.94 87.93 90.27 
Concentration ratiOnnara ss sic seen heres 21.75 20 .67 19.33 


mesh tailing. Between flow sheets 3 and 4, flow sheet 3 showed a saving 
in the +100-mesh tailing, due probably to the more efficient operation 
of the ball mills with a deslimed feed. On the other hand, flow sheet 
4 showed a saving in the —100-mesh tailing, probably a result of ball mill 
treatment of the entire section heading and the consequent cleaning or 
polishing of the surfaces of the sulfides in the primary slimes. 


TaBLE 15.—Daily Loss of Copper in Section. Tailing, Nevada Mines 


Flow Sheet 3 


Flow Sheet 4 


Flow Sheet 5 


Section tonnage per day................... 
Per cent. copper in +100-mesh tailing 
Per cent. copper in —100-mesh tailing....... 
Pounds copper per day in +100-mesh tailing. 
Pounds copper per day in —100-mesh tailing. 
Total pounds copper lost per day 


2880 
0.178 
0.1389 

3168 

5165 

8333 


2880 
0.207 
0.130 

3925 

4462 

8587 


2880 
0.152 
0.114 

3080 

3917 

6997 
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As a result of these tests the new and improved flow sheet 6 will be 


experimented with shortly. This flow sheet combines the desirable 
features of flow sheet 5 with a secondary regrind circuit and an inter- 
mediate finishing bowl classifier between stages of grinding. Ample 
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_ provision is made for concentration of sulfides in bowl classifiers and 
_ their selective regrinding in a separate circuit. As indicated by the 
_ dotted lines, preliminary desliming may be employed in order to secure 
the copper savings in the +100-mesh indicated by the test on flow sheet 3. 
_A study of the test results in Tables 14 and 15 indicated that even 
with the coarser grind on flow sheet 5 this arrangement produced the 
_ best metallurgy, and a longer test period on the entire plant was estab- im 
lished using this flow sheet. During the first 15 days of September, 1 
1929, on the same tonnage per mill, increased grinding has been in 
shown, as is evidenced by the figure for this period of 30.6 per cent. Fy 
+100 mesh as compared to 36.4 per cent. +100 mesh. ; 
The information and data on Nevada Consolidated Copper Co., ’ 
Nevada mines, are published through the courtesy of J. C. Kinnear, man- ? 
ager, F. M. Jardine, mill superintendent, and E. H. Mohr, metallurgist. 


Nevada Consolidated Copper Co., Ray Mines, Hayden, Arizona 


lh 
ee a 


At Hayden, as indicated by the flow sheets (Fig. 5) and comparative 

operating data supplied by W. I. Garms, mill superintendent, and T. H. 
Oxnam, metallurgist, three different fine-grinding flow sheets have been 
experimented with in recent years. Flow sheet 2 is now in use in seven 

- of the eight sections, and flow sheet 3 is being studied in the test section 
in order to establish a basis of comparison between rolls and mills for 
primary grinding of Ray ore. The test section has not been operating 
long enough on flow sheet 3 to yield data, so this discussion will be 
confined exclusively to flow sheets 1 and 2. (Tables 16 to 18.) 

The equipment provided in flow sheets 1 and 2 is substantially the - 
same, concentrating tables being used in No. 1 but not in No. 2, and there 
have been no recent changes in the crushing department. The decided 
reduction in milling costs, as shown in recent annual reports, has been 
due to improved methods of operating with existing facilities rather than 
to any additions or modifications thereof. 

The tests that first warranted the fine-grinding flow sheet have been 
confirmed, and show without a doubt that there is a decided advantage 
in large circulating loads between mills and classifiers, both due to 
improved over-all grinding efficiency and to the selective grinding of the 

“minerals. This fact would appear to be borne out by the data which 
follow. Briefly, practice today with flow sheet 2 compared with earlier 
practice with flow sheet 1 shows a 16.7 per cent. capacity increase 
accompanied by a coarser over-all grind (11.2 per cent. +100 mesh 
against 7.4 per cent. +100 mesh), a reduction in kilowatt-hours per ton 
from 7.80 to 6.96, a slight reduction in tailing assay, and increase in 
concentration ratio and decrease in recovery. 

The concentration of mineral in the classifier sands is striking and 
results in highly desirable selective grinding. Whereas in past years the 
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FLOWSHEET / FLOWSHEET 2 
ROLLS POLLS 

IMPACT SCREEN IMPACT SCREEN 


CONCENTRATING 
TABLES 


BOWL CLASSIFIER BOWL CLASSIFIER 
TUBE MILLS TUBE Mitts 
IN CLOSED tN CLOSED 
CIRCUIT WITH CIRCUIT WITH 
SINGLE STAGE SINGLE STAGE 
CLASSIFIERS CLASSIFIERS 
TO FLOTATION TO FLOTATION 


FLOWSHEET 3 


SINGLE STAGE 
CLASSIFIER 


C ROD MILL 


BOWL CLASSIFIER 


TUBE MILLS 


IN CLOSED 
CIRCUIT WITH 
SINGLE STAGE 


CLASSIFIERS 


TO FLOTATION 


Fria. 5.—GRINDING FLOW SHEETS, Ray minus, NevADA ConsonipATEep Coprrr Co. 
HIGHT SECTIONS. 
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bowl classifier was operated to produce an all-through 100-mesh product, 
today the bowl is operated so as to unload at approximately the same 
mesh as the secondary classifiers, this resulting in a reduction of the feed 
to the mills and a greater density of overflow to flotation. 
Although the flotation heading is considerably coarser than for- 
7 merly, there is ample evidence that the mineral constituent is receiv- 
____ing the same or even a finer grind. The bowl overflow contains only 
about one-half as much copper per ton as the sand discharge. While the 
! bowl sand discharge, constituting the feed to the mills, is of a light grayish 
4 white color, the sand discharges of the secondary classifiers are decidedly 
___ bluish black. This mineral concentration is attributed to the fact that 
2 the secondary classifiers now have sufficient raking capacity to allow the 
: mineral load to build up and that the reduced tonnage handled by these 
classifiers permits classification to take place in clear water, unaided by 
the buoyant force of the portion of primary slimes formerly introduced 
at this point. The reduced quantity of bowl-classifier sand now going 
to the secondary circuit carries almost as much mineral as the former 
greater tonnage, since now not only the primary slimes are carried off 
in the bowl overflow, but also a large portion of the barren silica, thus 
actually producing a classifier sand discharge that is softer and more 
easily ground in the secondary circuit. 

Hayden operation today represents a striking instance of selective 
grinding of minerals, the providing of ample classifier capacity and the 
judicious balancing of fine-grinding costs against metallurgical results. 
Hayden was the first mill to adopt the open-circuit bowl-classifier deslim- 
ing ahead of ball mills, a practice which has been widely followed elsewhere. 


TaBLe 16.—Comparative Capacities and Unit Power Consumptions, Ray 
Mines 


Flow Sheet 1 | Flow Sheet 2 


Rated section tonnage per day....... Grp aeseaste tenses cates 1500 1750 
Unit power consumption, kilowatt-hours per ton milled 
Primary circuit (rolls and screens or rod mill and classi- 


OR eee A ene ial oe iciiein re sche « wile 00 1d anol 4.01 ° 3.38 
Sinise rrrhl Cie UM ernest SIDE ota 0's fais Stevens es Sao calee ss 3: .79 3.58 
FAY LE es «ceed «eee ereraictenate Sot cienesh ee caret 7.80 6.96 
Tons ground per day through 100 mesh................. 1200 2 1324 
Unit power consumption, kilowatt-hours per ton — 100 mesh 9.75 9.20 
Tons ground per day through 200 mesh...............-. 988 1042 
Unit power consumption, kilowatt-hours per ton — 200 mesh 11.84 11.69 


a SS EE EEE EEE 
291.9 per cent. = roll power; 8.1 per cent. = screens and elevators. The wet 
roll-screen operation to about 10 mesh, while properly a crushing operation, is 
referred to here as a primary grinding circuit, for the purpose of future comparison. 
> 90.4 per cent. = tube-mill power; 9.6 per cent. = classifiers and elevators. 
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pper Queen concentrator, furnished by W. B. Cramer, consulting 
etallurgical engineer, and E. Wittenau, concentrator superintendent, 
e representative of practice before the final discontinuation of gravity 
concentration in 1924 and of practice in 1926 which is still in force. 
_ (Tables 19 to 21.) 
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FLOWSHEET 2 


ie 


TO FLOTATION 


: 
i 


4 
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SECONDARY ROD MILLS 
IN CLOSED CIRCUIT WITH 
SINGLE STAGE CLASSIFIERS 


PRIMARY RODMILLS 
CONCENTRATING TABLES 
Fig. 6.—GRINDING FLOW SHEETS, COPPER QUEEN BRANCH, PHnips Dop@r CoRPN. 


FLOWSHEET / 
CONC. 
| TALS 
SINGLE STAGE . 
DEWATERING CLASSIFIERS 
TO FLOTATION 


The adoption of flow sheet 2 in 1926 was accompanied by a sub- 
stantial reduction in the tonnage per section, as it was the intention of the 
management to sacrifice capacity in the interests of much finer grinding 
and the consequent increase in concentration ratio and reduction in sulfide 


losses. In Copper Queen ore, copper sulfide and pyrite are closely inter- 
associated, and it was shown that the mineral constituent of the flotation 


134 IMPORTANCE OF CLASSIFICATION IN FINE GRINDING 


heading should be ground largely through 200 mesh in order to secure 
partial selectivity. ; ; 

The bowl classifiers were accordingly installed between the two stages 
of grinding in order not only to facilitate finer separations and selective 


TaBLE 19.—Comparative Capacities and Unit Power Consumptions, Copper 
Queen 
ESE, a Le a 

| Flow Sheet 1 | Flow Sheet 2 


Rated section tonnage per day....---- --02 se =e 1137 967 
Unit power consumption, kilowatt-hours per ton......... 7.47 - 10.13 
Unit steel consumption, pound per ton 
Grinding media. 3: ns «ee Gesnocastet ores eae ene 2.29 3.02 
Mall liners.\; 323.204 <cke o ae Does cle eee 0.81 __ 0.70 
Total yy os.vb acts. vig ee eel eae eae 3.10 3.72 
Tons ground per day through 100 mesh................. 809 832 
Unit power consumption, kilowatt-hours per ton 100 mesh 10.49 11.93 
Tons ground per day through 200 mesh................. 550 648 
Unit power consumption, kilowatt-hours per ton 200 mesh 15.46 15.31 
TaBLE 20.—Comparative Screen Analyses, Copper Queen 
Flow Sheet 1 Flow Sheet 2 
+48 +65 +100 | —200 | +48 +65 +100 | —200 
Section feed......... 91.0 92.24 | 93.78 | 4.4 90.97 | 92.27 | 93.44 4.96 
Primary milldischarge| 34,1 43.94 | 56.04 | 29.29 | 16.24 | 27.14 | 38.37 | 44.29 
Bowl classifier over- 
Howes cyceene hs vee ae 5.20 75.00 
Secondary classifier 
overflow.........| 3.50 22.64 | 52.76 9.62 | 68.96 
Combined flotation 
Heading site. k, ct 3.50 22.64 52.76 7.41 71.98 


* Bowl classifier overflow = 50 per cent. section tonnage. 
TaBLE 21.—Comparative Metallurgical Results, Copper Queen 


Flow Sheet 1 Flow Sheet 2 


Heads, per cent. Cu 


\ ciecs iene Re nee 1.59 2.10 
Concentrates, per cent. Cu............ 6.48 15.20 
Tails,*pericent. Cac s. ..a) ae eee 0.19 0.21 
Concentration: ratio... ..:2. «s.r seek 4.49 7.93 
Recovery,,'4.4 es ase ee ee 90.71 91.26 


eee EEE Eee 
grinding of the mineral but also to act as deslimers, producing a clean 
sand product with a minimum of finished material for further grinding 
in the secondary mills. These bowls remove 50 per cent. of finished 


peavey at a greater etaciars chia is pipaibles in single-stage 
and thus reduce greatly the tonnage to be handled in the second- 


‘The expected improvements in metallurgy have been secured and, 
according to the officials, are due chiefly to the elimination of gravity 
processes in favor of all flotation treatment, finer grinding to separate 
more effectively not only the mineral from the gangue but also the 
- copper constituent from the pyrite, and rearrangement of roughers 
and Tecleaners. : 


United Verde Copper Co. , Clarkdale, Arizona 


The United Verde Copper Co., having recently found from flotation 
research that a finer grind might prove advantageous in the treatment | 


a ie 


2 


: 8 ; ’ 
- S N n $ 
A 5 N kK J 
SS N 5) & tas 
Vg xy CUY & 
& Fy gy Feet 2 
“ Poe x UE a 
xs Og 
; a ee sk : 
W ZT ok RY e 
z S18 Shs he a! Se sony = 
g = 2s & oes 
x S ~ RE Se 4 FFH : 
“ je) 
. e o 
F a 
eI 
Ay 
A, 
rt 2 
; s) 
; 2} 
oo i 
J & a 
8 > 
a 
Sit 
ven a 
: Z 
- =) 
tj ee 
s : 
ry) a 
=u <3] 
23 q 
£Sv a 
YOu E 
VY ao 
q ) 
by BRS = 
“ 2 <7) 
Y-S2V 
eee i) 
~ Q 330 Zz 
te a 
\ Zi 
Q 4 
z 2 al 
¢ < a 
i 
: : | 
iS g 
: & 


of schist ores and that a very fine grind was essential to unlock the various 
minerals in certain massive sulfide ores, installed additional equipment 
in one of the two fine-grinding sections of the concentrator in order to 
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TasiE 22.—Comparative Capacities and Unit Power Consumptions, United 


Verde 
tun a a et 
BG | . Flow Sheet 2 : 
Rated section tonnage............+-+-+- 600 720 800 900 ~=—|1000 
Mill power consumption, kilowatt-hours > 
Primary millsqeeaaceoan ee ee ere ‘4900 [4900 |4900 4900 4900 
Secondary mills........... Frey ih eta 3300 /3300 (3300 {3300 
POUL er cacsue hee chery i Pere 4900 (8200 ‘|8200 (8200 /8200 
Unit power consumption, kilowatt-hours 
per ton: milled #yetste eens 8.16) 11.4 10.3 9.11 8.2 
Tons ground per day through 100 mesh 
Primaa cya sees pe eeoners ee Cee 14345 395.3 | 476.0 | 445.5 | 423.1 
Secondary millste egy erie aac eet 199.4 | 174.4 | 279.8 | 388.0 
SRO) eee Be Ma SRS nso hdd ao b 4345 594.7 | 650.4 | 725.3 | 811.1 
Unit power consumption, kilowatt-hours 
per.ton—l00nnesh) Jasna cee eee ee 11.52} 14.0 12:6 11.30) 10.1 
Tons ground per day through 200 mesh 
ramary sms sas pocketed 343 306.7 | 358.8 | 354.2 | 326.1 
Second ary. mal lst vera.) 5 cane eee Bee tere tas 227.5 | 231.2 | 241 299.3 
LOCO IEA aati tock. oe oh Aero 343 534.2 | 590.0 | 595.2 | 625.4 
Unit power consumption, kilowatt-hours 
perjitons—200imesh tes: sane ae nee 14.28} 15.35) 13.9 13.8 13.1 


TaBLE 23.—Comparative Partial Screen Analyses Flotation Heading, 
United Verde 


| ee 1 | Flow Sheet 2 
3 2 a 
Rated section tonnage...2...........+.. | 600 | 720 800 | 900 1000 
Flotation heading, per cent. solids....... | | 18 25 27 28 
Flotation heading, per cent. +100 mesh.. .| be fe yr} fe 5 10.5 
Flotation heading, per cent. —200 mesh.. | 64.7 | 85 | 81.0 1 76 | 69.0 
| 


TaBLE 24.—Comparative Metallurgical Results, U nated Verde 
| 


aor 1 Flow Sheet 2 
Rated section tonnage.................. 600 = |720 800 | 900 1000 
Heads; percenta Cus. 5. eee 3.56Me3S. 21 3.44 3.38 3.56 
Concentrates, per cent. Cu.............. 16.33) 17.90 | 17.43 15.86, 16.29 
Tals percent ACs 2... See eee | 0.33} 0.236; 0.242 0.25 0.30 
Concentration, rations. eee > S28 )seero5 5.5 4.98 4.9 
Recovery... tod eee eee 92.04) 93.8 94,2 93.9 93.2 


—_— ee ee Se eee 
determine the extent to which the extra cost of finer grinding would be 
repaid in better metallurgy. Flow sheet 1 (Fig. 7) represents the original 
fine-grinding layout now in use in section 2 while flow sheet 2 is the new 


—— 


A 4 i Paes ‘ 
eet in section 1 with provision for finer grinding. These flow sheets 
nd the accompanying data were furnished by Lyle Barker, mill super- 
endent. (Tables 22 to 24.) From these tests it was concluded that: 
____ 1. Two-stage fine grinding is more efficient than single-stage from the 
_ standpoint of power consumption, notwithstanding the lack of sufficient 
_ classifier capacity in the two-stage flow sheet and an incorrect slope of 

_ primary classifiers. 

= 2. Large circulating loads between classifiers and ball mills, 3 to 1 j 
_ in primary and 5 to 1 in secondary circuit, are essential to maximum out- 3 
put of finished material and correct application of ball sizes. E 
3. A tonnage of 900 tons per day in the two-stage grinding flow sheet : 
a 


gives the best balance between milling costs and metallurgical improve- * 
ments. At this tonnage, total milling costs per ton should be slightly 
less than the corresponding figure for the single-stage flow sheet handling 

600 tons per day, while a substantial operating profit should be derived 

on account of the increased tonnage, lower tailing assay and improved 

grade of concentrate. 

4. At 900 tons of schist ore per day, the two-stage grinding flow sheet 

may be expected to produce consistently a flotation heading containing 

3 to 5 per cent. +100 mesh against 15 to 20 per cent. +100 mesh in the 
single-stage flow sheet when handling 600 tons per day. When handling 

massive sulfide ore, a —200-mesh grind may be expected in the two-stage 

flow sheet when handling 850 tons per day. 


Utah Copper Co., Salt Lake City, Utah 


Operations at the Arthur and Magna plants of Utah Copper Co. 
attained in 1927 the figure of 40,000 tons treated per operating day with 
an average recovery slightly over 89 per cent. During 1928, tonnage 
increase reached about 50,000 tons per day with somewhat decreased 
extractions. During the last quarter of 1928, it became economically 
advantageous to increase to 60,000 tons per day, and in order to meet 
the conditions of a satisfactory grind with recoveries similar to the 1927 
operation, additional equipment was installed in the fine grinding depart- 
ments. Data on Utah operations are published through the courtesy of 
D. D. Moffatt, E. W. Englemann, Roy Hatch, T. A. Janney, H. S. 
Martin, C. G. Williams, L. A. Blackner and A. C. Ensign. 


7 Vien a eee a a li ) — 
\ ; Cr = 


Arthur Mill, Utah Copper Co. 


Arthur plant of Utah Copper Co., as shown by the flow sheets 1A 
and 2A in Fig. 8 and comparative operating data, changed its fine- 
grinding flow sheet this year from a simple single-stage closed circuit 

to two-stage grinding with closed-circuit secondary mills, open-circuit 
primaries and preliminary bowl classifiers for the removal of primary 
slime of flotation size from the impact screen undersize. (Tables 25 to 27.) 


~ Z 
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This change in flow sheet was made in order to secure a finer grind 
prior to flotation in order to increase recovery. The comparative data 
indicate that with both flow sheets handling substantially the same 


FLOWSHEET /A 


FEED 


BALL MULLS 
IN CLOSED CIRCUIT WITH 


SINGLE STAGE CLASSIFIERS 


TO FLOTATION 


FEED 
FLOWSHEET 2A 


PRIMARY BOWL 
CLASSIFIERS 


PRIMARY BALL MILL 


cu J SECONDARY BALL MILLS 
IN CLOSED C/RCUIT WITH 


SINGLE STAGE CLASSIFIER, 


TO FLOTATION 


Fig. 8.—GRINDING FLOW sHEHTS, ARTHUR MILL, UTAH Copper Co. THIRTEEN 
SECTIONS. 


tonnage, No. 1A grinding to 26.93 per cent. +100 mesh and No. 2A to 
11.73 per cent., flow sheet 2A shows an 0.11 per cent. Cu tailing and an 
89.31 per cent, recovery against an 0.188 per cent. Cu tailing and an 81.70 


—-_— 


recovery of AGH sheet. ee “This improved snetalnrpy was 
d at an expenditure of 1.29 additional kilowatt-hours per ton 
A tone the power expended in sieges section Roce to 100 


a Tase 25 -— Comparative Caipacitied and Ga Power Consumptions, 


Arthur M alle 
Flow Sheet 1A|/Flow Sheet 2A 

__ Rated section tonnage per day..... ROLS SE em eis 22 H P2139) 2157¢ 

Unit power consumption, kilowatt-hours per ton milled?. . . 4.39 5.68 
Tons ground per day through 100 mesh........ Sn skeet 806 1141 
Power consumption kilowatt-hours per ton —100 mesh... 11.66 10.74 

_ Tons ground per day through 200 mesh................. 580 828 
Power consumption kilowatt-hours per ton —200 mesh... 16.21 14.80 


Test results not recorded here, show lower power consumption, kilowatt-hours per 
ton, on greater tonnage operation. 
> Tube-mill power only, not including classifiers, elevators and accessories. 
- -~—«-€ Tonnage this test held to same value flow sheet 1A to show finer grind. 


TaBLE 26.—Comparative Screen Analyses, Arthur Mill 


q Flow Sheet 1A. | Flow Sheet 24 
Tons +100 — 200 Tons +100 — 200 
3 Bectiom feeds mans o ota enie. nc oe ages 2139 64.63) 27.35 | 2157 | 64.68 | 27.35 
Preliminary bowl classifier over- 
3 iy GREER Ale in Wms Seria f | 713 | 5.10} 81.35 
_ Secondary classifier overflow...... 2139 | 26.93 | 54.48 | 1444 | 14.01 | 60.95 
j Combined flotation heading...... 2139 | 26.93 | 54.48 | 2157 | 11.73 | 66.21 
E ; ; 
; TABLE 27.—Comparative Metallurgical Results, Arthur Mull 
3 Flow Sheet 1A | Flow Sheet 2A 
Heads--per cent. Cu... aac «et 1.00 | 1.00 
Concentrates, per cent. Cu............ 31.00 32.00 
Mails periGeE teal ra cis safNeaesicig sus ab aa 0.188 0.11 
Concentration TAtWOls.. fe s.ae 5 5s <a: 37.95 35.83 
ILGCOVERV, DEL. COldinnctinde--.5 inc cleo le «6 81.70 89.31 


Tests at Arthur, to determine the effect of finer grinding on recovery 
of copper, indicate that within the range of grinding with which they are 
at present concerned (9 to 15 per cent. +100 mesh) each reduction of 1 
per cent. in the +100 mesh in the flotation heading is accompanied 
by approximately 0.004 per cent. Cu reduction in the tailing. Between 
3 and 9 per cent. +100 mesh each 1 per cent. reduction in oversize reduces 
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FLOWSHEET 1M 
FLOWSHEET C17 


FEED 


BALL MILLS 7-0%(0°O" 
IN CLOSED CIRCUIT 
WITH SINGLE STAGE 
CLASSIFIERS 


TO FLOTATION 


FLOWSHEET 2M 


FEED 


BALL MILLS 
IN CLOSED CIRCUIT ¥iTH 
SINGLE STAGE CLASSIFIERS 


INTERMEDIATE BOWL 
CLASSIFIER 


BALL MILLS 7-0% 100" 

(N CLOSED CIRCUIT 

WITH SINGLE STAGE 
CLASSIFIERS 


NOTE: 6 SECTIONS AS SHOWN 
© SECTIONS HAVE SINGLE 
BALLIMILL AND SINGLE 
CLASSIFIER IN PRIMARY 
GRINDING STAGE . 
OTHERWISE AS SHOWN, 


Fia. 9.—GrinpIna FLOW SHEETS, MaaGna miuu, Uran Coppmr Co. Twrive 
SECTIONS. 


TO FLOTATION 


PRIMARY SINGLE STAGE 
CLASSIFIER 


PRIMARY GRINDING MILL 
(N CLOSED CIRCUIT WITH F 
SINGLE STAGE CLASSIFIER 


INTERMEDIATE BOWL 
CLASSIFIER 


oaiky 


SECONDARY GRINDING SILL 
IN CLOSED CIRCUIT WITH 
SINGLE STAGE CLASS/IFIERS 


TERTIARY GRINDING MILL 
(MINERAL REGRIND ) 

IN CLOSED CIRCUIT WITH 

FINISHING BOWL CLASSIFIER 


‘ TO FLOTATION 


Fig. 10.—SUGGESTED GRINDING FLOW SHBET. 


Magna Mill, Utah Copper Co. 


Magna plant of Utah Copper Co., as indicated by flow sheets 1M 
and 2M (Fig. 9) and the accompanying data, has just completed the 
changing of its fine-grinding flow sheet. Where single-stage closed- 
circuit grinding was practiced heretofore, this concentrator now has 
two stages of fine grinding, both operating with closed circuits and inter- 


nd two singl 


sa, single mi 


and a single cle 
from a section having two primary 
The old flow sheet 1M when op 


produced a coarse flotation heading and | 


TaBLE 28.—Comparative Capacities and | 


iis Mill ap 


Rated section tonnage per day...............- ares eee 


Unit power consumption, kilowatt-hours per ton milled*. . : 

Tons ground per day through 100 mesh.......... Ao ama 899 

Unit power consumption, kilowatt-hours per ton —100) _ i 
- BVOC ces. Ff = Holy ehsteoass joueraha  woaeh al eanegll= eae 10.06 
- Tons ground per day through 200 mesh................. 642 ‘! 
Ps Unit power consumption, kilowatt-hours per ton —200 

ATVOS Hirapae eee NG, BOK ah ona lala' gay ate rote Rn eerie — 14.06 
« Tube-mill power only. 


TaBLE 29.—Comparative Screen Analyses, Magna Mill 


low Shoat IM. = Flow Sheet 2M 

Tons +100 | —200 | Tons +100 | —200 5 
Section feed :.iieree ate eee 2561 | 63.0 | 28.0 2832 | 67.7 | 25.2 — a 

Primary classifier overflow....... 42.25 | 43.38 
Intermediate bowl classifier over-| - wn 
flow secne etch inka, coke eee : 9.16 | 74.94 

Secondary classifier overflow...... 2561 | 27.94 | 58.06 16.92 | 57.87 
Section flotation heading......... 2561 | 27.94 | 53.06 | 2832 | 13.09 | 67.11 — 


TS 


TABLE 30.—Comparative Metallurgical Results, Magna Mill 


Flow Sheet 1M Flow Sheet 2M 
Eteads,, percent, Cliseers mia ae ae ee 1.00 1.00 
Concentrates, per cent, Cu............ 31.00 32.00 
Tails, per cent. Cu, a...) . re Ars 0,4 0.188 0.11 
Concentration ‘Tatioy je eee 37.95 35.83 
Recovery, per cemt...-. ee eee 81.70 89.31 


Fp 
low recovery. At approximately 2500 tons of section feed flow sheet 
1M shows a 27.94 per cent. +100-mesh grind, 0.188 per cent. Cu tailing 
and 81.7 per cent. recovery against corresponding values for flow sheet 
2M of 13.09 per cent. +100-mesh, 0.11 per cent. Cu and 89.31 per cent. 
recovery, with section feed at approximately 2800 tons. 


4 
4 
j 
; 
} 
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SUMMARY 


The authors’ conclusions have been indicated in detail in the remarks 
accompanying the plant data sections. It is evident from examining 
these sections that no two properties have developed along quite the 


_ same lines, and that no single flow sheet can be said to represent the 


optimum of present practice. This is inevitable since each concentrator 
has had its own particular ore-dressing problems, modified by existing 


plant conditions. 
As a means of summarizing the conclusions drawn, however, a general- 


ized flow sheet is attached (Fig. 10) which may be regarded as a com- 
posite picture of developments to date. Much thought has been devoted 
to this flow sheet. It visualizes an arrangement which perhaps might 
have been adopted in many of these concentrators had local conditions 
permitted. Data exist to prove the value of each of the steps of this 
flow sheet at one or more concentrators. There is a probability, of 
course, that this arrangement will soon be antiquated. It would seem, 
however, that the composite picture may offer a good basis for such 
discussion as may follow, and perhaps may serve as a stepping stone 
for further improvements in fine-grinding practice. 
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ADDENDA 


Since the presentation of this paper at the San Francisco meeting, 
the following additional information has become available, which is 
believed worthy of consideration by metallurgists at this time, especially 
since it throws additional light on selective classification and the use of the 
bowl type of classifier as a concentrator of the heavy mineral constituent 
of the ore to the end that this portion may be more finely ground than 
the gangue. 

At West Springs Mines, Ltd., on the Far East Rand, South Africa, 
as early as 1920 it was noticed that the refractory gold content of the ore 
was so encased in a pyritic portion as to necessitate very fine grinding for 
its release. Shortly after the installation of the first single-stage classifier, 
it was observed that the small proportion of —200-mesh product in the 
sand discharge carried abnormally high gold values, thus showing that 
the classifier Kad a distinct concentrating effect. After the installation 


sac toa up or fap Ste in its | 


= therefore, resolved itself into the further Paras cle of 


would have to be ground consider: bly finer t ere 

gold values. e 
Under existing conditions of cost of abe, ae 

of comminution of the total ore had already been reachec 


constituent, and this constituent alone. According to a paper’ o1 
problem, “Tube milling in two stages, combined with the known cc 
centrating effect of the Dorr bowl classifier, offered a simple means: 
submitting a selected portion of the total pulp from the primary n a 
to a further stage of grinding without incurring the heavy expense ote 
bodily abstracting the selected portion from the main pulp stream.” __ : 

Prior to August 1928, the fine-grinding plant consisted of 10 tube: mills 
in closed circuit with 10 single-stage classifiers, all arranged for a sing ae 
stage of grinding and for reducing —114-in. mesh ore to 75 per cent. 4 
—200 mesh at the rate of 2000 tons per 24 hr. After August, 1928, two : 
additional tube mills and two bowl classifiers were added so that two- 
stage grinding might be practiced. In the remodelled plant the ratio Sa 
of primary to secondary mills could be varied from 10/2 to 9/3, the primaries . 
in each case operating in closed circuit with single-stage siciee which | 
overflowed to bow] classifiers in closed circuit with the secondaries. 

Table 31 gives critical operating data when the grinding plant was 
operated first with simple single-stage grinding, second with 10 primary 
and 2 secondary mills, and third with 9 primaries and 3 secondaries. 
Each set of data represents the average from a three-months’ period of 
continuous operation. These data, in addition to showing a slight 
increase in capacity and fineness through the adoption of stage grind- 
ing, reveal a marked improvement in recovery in spite of the fact that 
the assay value of the mill heading decreased. The management 
of the property attributes the increased recovery to the concentrating 
effect of the bowl classifiers and the finer grinding of the sand discharge 
from these classifiers in the secondary mills. It will be noted that there 
has been a very appreciable increase in the gold content of the +90- 
mesh heading under multiple-stage grinding and a great decrease in the 
gold content of the +200 and —200-mesh tailings. It was tailing of the } 
latter size which, under former single-stage operation, was largely respon- . 


sible for the loss of gold encased in a pyritic envelope and resistant to the 
action of the cyanide solution. 


1J. L. Willey and 8. E. T. Ewing: Stage Tube-milling and Selective Grinding at 


West Springs. 1929 Ordinary General Meetin 
g, Chemical, Metall 
Mining Society of South Africa. 5 pester 
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TABLE 31.—Critical Operating Data* 


Single Stage Two Stage 

Ratio primaries to secondaries.............. 12/1 10/2 9/3 
Tons milled per tube mill per 24 hr......... 200.61 210.45 206.96 
Fineness, per cent. —200-mesh............. ila 79.3 81.5 
Unit power consumption, kilowatt-hours per 

WON a 2 a eee ig RA aa ee ca a 20.6 20.3 20.5 
Unit power consumption, kilowatt-hours 

per tom— 200-meéshin.... 02.1... 2. to 26.8 25.6 25.1 
Assay value, dollars per ton, heads.......... 7.122 6.346 6.168 

bails yee ety ts 0.5116 0.399 0.358 

piintcoretical extractions .¢...<. +... .s00ennee | 92.82 93.72 94.20 
Heads grading assays 

Dollars per ton +90-mesh............... 3.700 12.94 16.360 

Dollars per ton +200-mesh.............. 2.759 2232 2.191 

Dollars per ton —200-mesh.............. 9.064 6.966 6.552 
Tails grading assays | 

Dollars per ton +90-mesh............... | 0.878 0.878 0.806 

Dollars per ton +200-mesh.............. 0.775 0.475 0.393 

Dollars per ton —200-mesh.............. 0.496 0.3862 0.310 


@ Gold taken at $20.67 per ounce. 


Analyses to determine pyrite content at various points in the fine- 
grinding department have yielded data to show the extent of concentra- 
tion (or selective classification) effected, as follows: 


@ Single-stage A 
6) 1 Ore, : . Bowl Classifier 
Paccont, Chests ye Sands, Per Cent. 
Brbalene Oem ceia aoe ltenmna ele aves | 4.4-4.5 7.3-1.9 8.5-9.0 
Fe:S in —200-mesh......:......... | 17.5 36 


On the basis of these figures, the two-stage fine-grinding plant (10 
primaries and 2 secondaries) is superior to the single-stage fine-grinding 
plant (12 primaries) to the extent of a power saving of 0.3 kw-hr. per 
ton milled and a $0.1126 per ton recovery of gold formerly lost in the 
tailing. With average daily capacity 2000 tons, 300 operating days in 
the year due to week-end shutdowns, and with average power rates of 
the Electricity Supply Commission of 0.45d ($0.0091) per kw-hr. to the 
mines on the Rand, the total annual saving, at normal rate of exchange, 
would be about $69,200.25, of which $67,560 is represented by reduced 
tailing loss and $1640.25 by reduced unit power consumption. 

In like manner the two-stage fine-grinding plant (9 primaries and 
3 secondaries) is superior to the single-stage fine-grinding plant (12 
primaries) to the extent of a power saving of 0.1 kw-hr. per ton milled 


146 IMPORTANCE OF CLASSIFICATION IN FINE GRINDING 


and a $0.1536 per ton recovery of gold formerly lost in the tailing. 
In this case the total annual saving would be $92,706.75, of which 
$92,160 is represented by reduced tailing loss and only $546.75 by reduced 
unit power consumption. 

The increase in capacity of approximately 5 per cent., secured without 
additional mills, presumably has reduced labor, maintenance and over- 
head charges per ton of ore milled, a factor generally worthy of considera- 
tion when capacity is increased by means of simple changes in flow sheet 
and the replacement of one type of equipment by another. A more 
detailed discussion of the data presented herein is to be found in the 
excellent paper on West Springs practice previously referred to in 
the footnote. 


DISCUSSION 


L. M. Barker, Clarkdale, Ariz. (written discussion).—In the creation of the term 
Selective Classification, the authors, by the use of the adjective, sclective, have 
approached something akin to the compounding of superlatives. The use of such a 
term, however, is worth while if, as in this case, it emphasizes some condition or set 
of conditions which have been generally disregarded or overlooked. Not so many 
years ago, classification was practiced as a fine art as an aid to tabling operations. 
With the advent of flotation and the necessity for finer grinding, involving as it does 
the use of mechanical classifiers, it appears that for a time at least certain of the funda- 
mentals of classification have been neglected and forgotten. Recently the millman 
has awakened to the fact that although the mechanical classifier is different in appear- 
ance and operation from the hydraulic classifier of yore the same settling laws are 
effective in it and the little sulfide particle is found associated with the large gangue 
particle in the classifier sands. Could anything different be expected and—probably 
of more importance to certain metallurgists—what steps could be taken to prevent 
such an occurrence if one were desirous of obtaining a classifier overflow in which the 
sulfides were no finer than the gangue? 

The authors say that the bowl classifier is better suited to the maintenance of 
selective classifying conditions than the straight classifier, which warrants raising the 
question as to whether this is not more apparent than real. It is readily recognized 
that with classifiers operating in closed circuit with a mill the accumulation of sulfides 
in the circulating load—the classifier sands—might be obscured by oversize gangue so 
that only chemical analysis would give the true picture of conditions. On the other 
hand, the sands from a bowl operating in open circuit might, due to the absence of the 
larger gangue oversize, lead to the impression that the preponderance of sulfides was 
greater than actually was the case. At the United Verde mill, when operating a unit 


under flow sheet 2 as outlined in the paper under discussion, analyses of unit products 
showed the following: 


SULFIDES, GANGUE, 

Propucr Perr Crnt Prr Cent. 

Unit teed c. .oae eect canna eee ee oe 39.34 60.66 
Primary clasertercancd ss... is 54.74 45.26 
Bow) classifier sancdsn seein 53.26 46.74 


The bowl in this case was in closed circuit with the secondary mill and might have 
been expected to show a greater accumulation of sulfides in the sands than if it had been 
in open circuit. No flotation reagents were added to the grinding circuit, which 
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_ suggests a possible explanation for the efficacy of the bowl as a concentrator in certain 
mills. It is generally held that the addition of flotation collectors to the grinding 
circuit permits the overflow of coarse sulfides, of tramp size, from the classifiers pre- 
sumably through trapping in nascent froth. It is conceivable that the bow] classifier 
with its greater settling area would permit the settlement of such oversize particles 
and their return to the mill, Some such explanation is involved in the arguments of 
the Nevada Consolidated staff at McGill in favor of their flow sheet 5 as against their 
flow sheet 3, which yielded a finer grind. Unless unusual conditions maintain in a 
grinding circuit as regards addition of reagents it would appear obvious that, if con- 
centration of sulfides in the sands of both types of classifiers is similar in degree, the 
finest overflow should yield most readily to subsequent treatment. If such were not 
the case, study of the problem from the standpoint of pulp conditioning would seem 


in order. 
STAGE GRINDING 


The generalized flow sheet submitted in the paper certainly depicts the trend of 
the times but raises many questions as to how to apply it efficiently. Recognizing the 
advantage of numerous stages in a fine-grinding operation, is it not probable that the 
addition of stages may be undertaken without a full realization of all the factors 
involved? As a preliminary to further discussion of this subject the presentation of 
certain principles is desirable. It is recognized that these principles are not generally 
acceptable to all millmen, as is demonstrated by the several flow sheets making up this 
paper, but grouping them as presented below offers food for thought: 

1. Mills operated in closed circuit with classifiers are more efficient than mills 
operated in open circuit. 

2. Such increased efficiency probably has its source in the accomplishment of the 
following things through the circulation of sands: (a) reduction of the average size of 
feed particle; (b) increased tonnage fed to the mill as represented by classifier sands; 
and (c), as a consequence of (b), rapid removal of finished material from the mill, thus 
permitting useful work on oversize. 

3. The greater the tonnage fed to a mill, whether it be in open or closed circuit, the 
greater the tonnage of finished material produced. 

4, Mill power requirements are but slightly affected by tonnage fed to the mill— 
the rotation of the mill with its ball load representing the major portion of the power 
requirements of the system. 

5. Efficient utilization of power demands procurement of maximum output of 
finished material from the mill or jointly from the several mills of a multiple- 
stage system. 

6. On the basis of the foregoing this presumes use of a closed circuit, efficient choice 
of ball sizes and establishment of proper circulation ratio in the several stages. 

7, Use of stage grinding offers opportunities for improved efficiency through 
correct application of ball sizes to the work to be done. 

8. Close sizing of ball charges in the average grinding system is impractical, so 
that full advantage cannot be taken of principle 7. 

With these principles in mind, may we say that, due largely to an inability to closely 
size ball charges, the efficient use of stages requires stressing of the importance of aver- 
age size of feed particle to a given stage. That is, nasmuch as sizing of ball charges 
cannot be held within narrow limits, feed particle size to a given stage cannot be 
restricted, but rather that the average size of feed particle going to that stage must be 
brought through the medium of circulation to that which the average size of ball in 

that stage can reduce most readily. It goes without saying that in a multiple-stage 
system failure to fully utilize the power input to the several mills—which is constant— 
could result in an increased power consumption per unit of reduction accomplished 
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as compared with a single-stage operation efficiently conducted. Fortunately, any — 


addition of stage-grinding equipment in an operation permits an immediate increase 
in tonnage and the benefits derived in the shape of greater work done on such tonnage 
may result in a favorable power balance. But is it not probable that the primary 
stages of this equipment may be operating inefficiently when judged by single-stage 
standards? May it then be said that in some instances by “backtracking ’’and check- 
ing the work done by the primary stages the addition of a tertiary stage, for example, 
may be found unwarranted? Is it not often the case that equipment designed for 
single-stage work is thrown into the position of a primary stage in a two-stage grinding 
circuit with but minor changes in classifying equipment—quite often reduction—and 
no other changes but one of ball size? In such a case, what has happened to the 
average size of feed particle in that stage by virtue of the decreased circulation ratio 
following the increase in tonnage? A rising power consumption per unit of reduction 
accomplished following an increase in stages is most certainly indicative of inefficiency 
and means that some mills are turning over which are not paying their keep. Again, 
given two flow sheets differing only in number of classifiers and their allocation to 
the different stages, which when treating the same character of feed show a power 
balance in favor of that flow using the greater number of classifiers in closed circuit in 
the several stages, may the conclusion be drawn that average size of feed particle and 
its relation to average ball size in a given stage was the important factor in such a 
desirable power balance? The need for greater circulation in the several stages of a 
multiple-stage grinding system is adequately shown by the paper. However, the 
desirability of a closer analysis of grinding conditions in the several stages is also 
evident, and such an analysis might, in many cases, lead to an elimination or consolida- 
tion of stages. The number of stages utilized in any case should be determined by the 
over-all reduction desired and the practicability of suiting ball sizes in each stage to 
the average size of feed particle sent to that stage. 


D. Dyrenrorts, Denver, Colo. anp C. K. McArtuur, El Paso, Texas (written 
discussion).—The suggested grinding flow sheet is presented as a possible combination 
of various developments that have taken place during the past year or two at different 
plants. It is in no wise considered as the ultimate for all fine-grinding operations, 
but is suggested as a basis for discussion and as an arrangement that may have general 
application to the larger-tonnage operations. It is believed, therefore, that an 
analysis showing wherein the data appear to support the various steps of the flow 
sheet will be of interest. 

PRELIMINARY CLASSIFIER 


In flow sheets 3 and 4 of the Miami Copper Co., there appear to be several ways 
in which comparisons may be made. Since we would expect the preliminary elassi= 
fication to benefit only the primary circuit by elimination of the finer sizes in ihe 
original feed, it would seem logical to compute the reduction made by comparing the 
amount of plus in the section feed with the amount in all products pissing amis grind- 
ing beyond the primary cireuit, ineluding both the preliminary and primary classifier 
eee bie third grinding circuit and one-half the primary sand passing to 

In this comparison we find that No. 4 produced about 20 per cent. more through 
48 mesh, 15.5 per cent. more through 65 mesh, 13 per cent. more through 100 bes 
and 26.5 per cent. more through 200 mesh. If we compare the actual original feed - 
the mills (ore from bins in No. 3 and preliminary classifier sands in No 4) with mee ss 
classifier overflow plus one-half primary classifier sands, we find that the se mi 
actually in the primary mills with their respective closed-circuit classifiers is is a 
cent. more through 48 mesh, 12.5 per cent. more through 65 mesh, 8.5 per cent a 
through 100 mesh, and 18 per cent. more through 200 mesh. ae ae 


~via 


Se 
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Since, however, both the primary classifier overflow and sand product in flow 
sheet 4 are coarser than in flow sheet 3, there may be a question as to whether the 
primary circuit is not by-passing unground material at the expense of secondary cir- 
cuit. Comparison of the original feeds to primary mills and overflows of primary and 
secondary classifiers shows that there is in the combined primary and secondary 
circuits of No. 4 an increased reduction amounting to 17 per cent. more through 48 
mesh, 1 per cent. more through 65 mesh, 7 per cent. more through 100 mesh, and 5 per 
cent. more through 200 mesh. 

It is also worth noting that the increased grinding, as shown, is accomplished 
with less power by 214 kw-hr. per ton based on actual tonnage of feed to the primary 
circuit, which does not in the case of flow sheet 4 include that tonnage overflowed by 
the preliminary classifier. 

At Nevada mines, in flow sheet 3, a bowl classifier operates as a preliminary 
deslimer. A comparison of this with flow sheet 2 shows increased reductions of the 
various meshes ranging from about 56 per cent. through 48 mesh to 61 per cent. 
through 200 mesh. Without doubt, a portion of this increase is due to additional 
classification and not to elimination of finished material from the mill feed, An 
indication of the relative amount that may be credited to preliminary desliming is 
shown by comparing No. 3 with No. 5, where the same bow! classifier is operated in 
tandem closed circuit instead of as a preliminary deslimer. This comparison shows 
increased grinding of about 16 per cent. through 48 mesh, 29 per cent. through 65 
mesh, 47 per cent. through 100 mesh, and 42 per cent. through 200 mesh. These 
increases should be discounted slightly, as the screen analyses of section tailings are 
not truly representative of the grinding because of the circulation of a middling 
product between classifiers and flotation cells. 

The kilowatt-hours on No. 3 are about 28 per cent. less per ton milled, 37 per cent. 
less per ton ground through 100 mesh, and 38 per cent. less per ton ground through 
200 mesh than on No. 2, and as between No. 3 and No. 5, flow sheet 3 shows 3 per cent. 
fewer kilowatt-hours per ton milled, 32.5 per cent. less power per ton ground through 
100 mesh, and 30 per cent. less power per ton ground through 200 mesh. 


Ciosep-circuir Primary Mini 


The work at Cananea affords excellent opportunity to show the advantage of 
closed-circuit primary operation, as all conditions of primary grinding are the same in 
the two arrangements except the closed-circuit operation in flow sheet 2. Based on 
the screen analyses given, the increased reduction in flow sheet 2 amounts to about 58 
per cent. more through 48 mesh, 68 per cent. more through 65 mesh, 54.5 per cent. 
more through 100 mesh, and 63 per cent. more through 200 mesh, with a reduction of 
power amounting to about 28 per cent. in kilowatt-hours per ton milled and a reduction 
in steel consumption of about 36 per cent. 

At Miami Copper Co., comparing primary mills on flow sheet 2 with primary mills 
of flow sheet 3, taking one-half the section tonnage in No. 3, we find that the reduction 
in No. 3 primary is greater than in No. 2 by about 10 per cent. of the 48-mesh size, 
24 per cent. of the 65-mesh size, 12 per cent. of the 100-mesh size, and 9.5 per cent. of 
the 200-mesh size, and this increase is obtained with only partial closed- 
circuit operation. 

INTERMEDIATE Bow 


Considering the rapid adoption of the bowl classifier for open-circuit operation 
between primary and secondary grinding circuits, it is surprising that its use appears 
to be very largely an operating convenience. At least, there has not been opportunity 
to obtain concrete evidence of improved grinding efficiency or improved metallurgy, 
and it is perhaps for this reason that our own engineers, who have been in close touch 
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with recent classifier developments, are not entirely in agreement on the use of the 
intermediate bowl, some being of the opinion that equally good results will be obtained 
if this additional classification is used for closed-circuit operation with the 
secondary mills. 

The fact remains, however, that the bowl operating as a deslimer between stages 
of grinding is in successful use at a number of important concentrators, and at these 
plants both the shift operators and operating officials are as a rule strongly in favor 
of the use of the bowl in this manner. In addition to the advantages given in the 
paper under discussion, its use as an intermediate deslimer provides flexibility of 
mill operation, and an expansion joint, as it were, to take up fluctuations in tonnage, 
dilution and character of ore, resulting in steadier conditions, particularly in the 
secondary grinding circuit. 


SEcoNDARY CLOSED CIRCUIT 


The importance of closed-circuit operation of the secondary mill requires no 
advocate today. Every plant discussed is arranged in this manner, and it would 
be difficult to find any flotation concentrator of consequence where stage grinding is 
used which has not operated in this manner for the past several years. 

The best ratio of circulating load, which determines the amount of classifier 
sand-raking capacity that should be provided, has been the subject of considerable 
discussion during the past couple of years. No comment on this will be made here 
other than to say that there is a definite trend toward greater circulating loads, 
and it is believed that ratios of from 5/1 to 10/1 will, within the next few years, 
become as general as the present more or less accepted standard of about 3/1. 


FInisHing Bowi CLaAssIFIER 


Reference has been made to the bowl classifier as a machine well adapted to the 
concentration of the sulfide mineral. There is little concrete evidence from flotation 
at present to support the contention that the bowl is better for this work than the 
single-stage classifier. However, combined with such other advantages as unit 
control of the finished product, proportionately greater overflow, capacity where the 
sand-raking requirements are relatively less, and finer overflow at greater density, 
its use in this position seems fully justified. 

At Nevada mines, flow sheet 5, with a finishing bowl classifier operating in tandem 
closed circuit, showed the best subsequent extraction, even though it produced a 
coarser flotation heading, and this is credited to selective classification of the 
sulfide mineral. 

On Miami’s No. 4 flow sheet, mesh assays (Table 32) of the sand and overflow 


products of the finishing bowl show a decided concentration of copper in that material 
of the sand products —65 mesh. 


TaBLE 32.—Screen Analysis with Mesh Assays, Miami Copper Co. 


Mesh +20 | +28 +35 +48 +65 | +100 | +150 | +200 | —200 

Sand 

Wi., per cent......../ 5.0 | 8.2 117.1 124.8 |14.4 [12th hae eee 

Cu., per cent........| 0.84] 0.36] 0.36/ 0.481 0.681 1.00] 1.29! 1.50) 0.97 
Overflow 

Wt., percent. ay. 3-9 | 9.3° 113.6 | 9°54 9.0 258 <8 

Cus pericentaa aaa | 0.40) 0.51] 0.68] 0.89} 0.95! 0.89 
555 55 ee ee 


DISCUSSION ital 


Of the total copper in the sand product, a little over 65 per cent. is in the meshes 
finer than 48, and this copper alone is about 24 per cent. of the total copper in the 
bowl classifier feed. 

At McIntyre Porcupine, Schumacher, Ont., the original flow sheet of open-circuit 
primary mill and closed-circuit secondary mill gave a finished product of 93 per cent. 
—200 mesh, with a tailing of $0.55 per ton. Selective classification was provided 
by the addition of a bowl classifier operating in tandem closed circuit with a third 
mill and single-stage classifier. Table 33 shows a seven-day test, giving the con- 
centration of mineral in this regrinding circuit. 


TaBLE 33.—McIntyre-Porcupine Gold Mines, Ltd., Seven-day Test 
Bowl Classifier 


+200 Mesh, Per Assay Value Pyrite (FeS2), 
Cent. Per Cent. 
Uy oyb [ees 2 a Re oe ete ea 61.3 6.79 7.84 
ONGEID os aoa ee ee 85.6 4.49 7.59 
RATT CS ee ets tg Se ie tor 247 15.40 layer All 


Circulating Classifier 


1 SHEETS lh, det ay. on Odea hs Sar ea ie le sree 39.1 19.78 20022 
GONVGTS BION Vi Sei eae Se cae ye age aD he Dont 9.56 14.79 
SS LIC Spee eS fires Te, emai a ae 19.0 38.57 30.93 


With this coarser over-all grind, a tailing of $0.404 was produced as a result of the 
finer grind on the pyrite content. 

It goes without saying that there will undoubtedly be further developments 
in classification in fine-grinding operations in the near future. The marked progress 
of the past year suggests interesting developments for the ensuing period. 

A. D. Marriott (written discussion).—Mr. Barker brings up several points of 
general interest. The term “selective classification” is relative in both single-stage 
and bowl-type classifiers. Adjustments may be made to produce greater or less 
selection between minerals of fairly wide specific gravity difference, 

It is true that the little sulfide particle is found associated with the large gangue 
particles in mechanical classifier sands. One would not expect anything else, except, 
perhaps, as to degree, This is considered an advantage in the vast majority of cases, 
for the reason that a particle size reduction usually is not to the point of complete 
liberation either of gangue and sulfide or of valuable and valueless sulfides. There 
is, therefore, the desire to grind selectively the portion of the ore that requires rela- 
tively finer grinding than the average for valuable mineral liberation. In those 
relatively few cases where it is not desired to have the sulfide finer than the gangue 
in the pulp as released from the fine-grinding operation to the step that follows in the 
metallurgical operation, it is necessary to change operating conditions in order to 
approximate the desired results. If, for best metallurgy, finer grinding of sulfide 
than the average must be maintained at an absolute minimum, inclusion of some 
concentration operation in the classifier-mill circuit would seem necessary. Some 
control is possible, however, by adjustment of the closed-circuit classifier itself. 

Mr. Barker has also raised the question as to whether or not the bowl classifier 
is actually better suited to selective classifying conditions than the single-stage 
classifier. As Mr. Dyrenforth and Mr. McArthur say, this is more an opinion based 
on indication data and on a study of the operation of the machines themselves than 
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a fact proved by true comparative data. It is also possible that the bow] classifier is 
better suited to the prevention of concentration of sulfides in the sand product. 

In general application, it has been found that the bow] classifier not only lends itself 
to a wider range of adjustment than the single-stage classifier, but also has a wider 
range of flexibility in maintaining uniform conditions under a given set of adjustments. 
For this reason alone, it should be better suited to either maximum selective classifica- 
tion or the reverse. 

Mr. Dyrenforth and Mr. McArthur cite data on operation at McelIntyre-Porcupine 
as indication data in support of advantage to be gained by selective classification, 
this selective classification having been obtained by the addition of the bowl classifier 
operating between primary and secondary grinding circuits and in tandem closed cir- 
cuit with single-stage classifiers in the secondary circuit. We do not know that 
equally good results might not have been obtained had single-stage classifiers of equal 
capacity to the bowl classifiers been used. The fact remains, however, that by the 
installation of bowl classifiers, relatively fine grinding on the sulfide particles was 
obtained and thereby a higher extraction made, even though the average over-all grind 
of the ore was considerably coarser. 

More recent data on a similar operation is that of the West Springs mill in South 
Africa. An indication of the possible maximum selective action in the bow] classifier 
at this plant is shown in Table 34. Here again, however, there are no data to prove 
that an equal concentration of sulfides in the secondary circuit might not have been 
obtained with single-stage classifiers operating under the same conditions of circulating 
load, but we believe that the greater selectivity of the bowl classifier is indicated. 


TaBLE 34.—Concentration of Pyrite 


Secondary (Bowl) 


Primary Class. Sands, 
Class. Sand, Per Cent. 


Per Cent, 


Original Ore, 
Per Cent. 


Totals a eee 4.4-4.5 | €.3-0.5 | 8.5-9.0 


Fe.8 in —200 mesh... ,| | 17.5 | 36 


In Mr. Barker’s summary, following the eight points of his stage-grinding discus- 
sion, he points out the relationship between ball size and particle size, mentioning 
inability to meet an ideal condition. He continues the comment with the mention 
that tonnage increase in going from single-stage to multiple-stage operation reflects 
a favorable power balance as a result of benefit derived in the shape of greater work 
done on such tonnage. Instead of the primary stage in such a case operating ineffi- 
ciently when judged by single-stage standards, as suggested by Mr. Barker, is not the 
opposite more likely to be true, for if we accept Mr. Barker’s third point that the 
greater the tonnage fed to a mill, the greater the tonnage of finished material pro- 
duced, does-it not naturally follow that the primary mill, because of the increased 
feed tonnage under conditions of stage grinding, will produce more tons of finished 
ee even though the percentage of finished material from the primary circuit 
is less? 

On the other hand, is it not natural to expect that the secondary mill, both because 
of reduced total tonnage and material more resistant to reduction, will produce less 
tonnage of finished material than when operating on the original feed under single- 
stage conditions? 

As an illustration, let us assume two mills and two classifiers operating single stage 
in parallel, each mill receiving an original feed of 500 tons and receiving feed as classi- 
fier sand return amounting to 1000 tons, each mill thus receiving a total feed of 1500 
tons. Assume that the 1000 tons return sand load from each classifier is the maximum 
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tonnage that the classifiers can handle. If these two grinding units were placed in 
two-stage grinding operation, the combined original feed tonnage of 1000 tons would 
be fed to one mill, operating in closed circuit with its classifier, the classifier still 
working up to maximum sand-raking capacity and returning 1000 tons, giving the 
mill a total feed tonnage of 2000 tons, whereas in the single-stage operation this mill 
received a total feed of only 1500 tons. Would not this mill, when receiving a total 
feed of 2000 tons, produce a greater tonnage of finished material than when receiving a - 
total feed of only 1500 tons, even though the average particle size of the larger tonnage 
is greater than the average particle size on the smaller tonnage? 

Now let us look at the secondary grinding unit. In this, since the classifier can 
rake only 1000 tons, the secondary mill can receive only 1000 tons of total feed, 
whereas before, when operated in the single-stage grinding set-up it received a total 
feed of 1500 tons. Not only is the mill unable to receive as great a tonnage as it did 
under conditions of single-stage grinding, but the 1000 tons of feed under the condi- 
tions of two-stage grinding is on the average more resistant to reduction than the total 
mill feed under the condition of single-stage grinding. The only advantage the sec- 
ondary mill may have over the single-stage operation lies in the fact that the average 
particle size in mill feed is less under conditions of the secondary operation as compared 
to conditions under single-stage operation. 

From the above, does it not seem possible that the increased tonnage of finished 
material produced in the primary circuit may be offset by the decreased tonnage 
produced in the secondary circuit, in which case, of course, the over-all grind would 
remain the same as under the condition of operating both grinding units as single- 
stage operation? Then, from this, may it not naturally follow that, if greater classi- ; 
fier capacity is provided for the secondary unit, so that the tonnage of feed to the 
secondary mill can be increased to as great or greater tonnage than that under the 
conditions of the single-stage grinding, full advantage may be taken of the increased 
efficiency of the primary circuit, plus any increase that may be obtained in the 
secondary circuit? 

It may be well on some ores that an ideal operation should consist of maximum 
grinding accomplishment in the primary circuit, with the secondary circuit receiving 
a material largely ground past the separation mesh desired and containing sulfide of 
middling sizes on which the greater amount of selective classifying and grinding action 
is desired. Asa rule we believe the particle size return from a secondary classifier to 
a secondary grinding mill, such as this operation would produce, is highly resistant to 
reduction, and the quantity reduced to the given mesh in this secondary mill will not 
compare favorably with the reduction in the primary mill. On the other hand, 
such reduction, even though it seems inefficient from the grinding standpoint, may be 
quickly reflected in the metallurgy, and if the power consumption per ton material 
finished is no greater for the primary and secondary circuits combined than when oper- 
ating single-stage, some good has been accomplished. 

Mr. Barker seems to tie the average size of feed particle directly to the ratio of 
circulating load. The average size of feed particle is not necessarily a function of 
circulating load, or, perhaps more clearly stated, while the ratio of circulation is a 
factor, the average size of feed particle may be either increased or decreased, regardless 
of increase, decrease or constant circulating ratio, depending on the closed-circuit 
hook-up, size of original feed, total tonnage of mill feed and probably several other 
conditions. From this it would then seem to follow that with two given flow sheets, 
differing only in number of classifiers and allocation to the different stages, the average 
size of feed particle is incidental to the more important factor of increased total mill- 
feed tonnage, permissible in that flow sheet having the greatest number of classifiers 
or classifiers with the greatest sand-raking capacity. 
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The justification for a tertiary circuit, and even perhaps in some cases for a second- 


ary circuit, we believe should be examined from several standpoints. The range ~ 


of reduction will come in for consideration, as will also the resistance to reduction in 
certain sizes by certain ores. In many cases, the mill layout will be given considera- 
tion, and necessarily so where tertiary grinding is under consideration. We believe 
that tertiary grinding will continue to receive the attention of investigators in their 
consideration of sulfide particle size and, perhaps, conditioning for maximum metal- 
lurgical results in the flotation circuit. Unfortunately the comprehensive work of 
Richards does not carry us down into the particle sizes normally dealt with today in 
flotation operations, but if the relative settling rates of gangue and sulfide particles 
as given by Richards for the larger sizes carries down through the smaller sizes some 
advantage should be gained in the selective classification of sulfide particles by working 
on the finer sizes found in the tertiary grinding circuit. 

The flow sheet in Fig. 10 is suggested by a composite picture of the general trend 
as we see it. It is entirely possible that higher grinding efficiency and better metal- 
lurgical results might be obtained by combining classifiers, relocating classifiers and 
even combining stages of grinding. There is no doubt that all of the flow sheets from 
which this composite is made up were influenced largely by local conditions entirely 
outside of grinding efficiency and metallurgy, but from the data presented there does 


appear to be some grinding or metallurgical justification for the flow sheets that have 
been adopted. 
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Elements of Operation of the Pneumatic Table 


By Artuur F. Taaegarr* anp R. L. LECHMERE-OERTEL,| New York, N. Y. 


(New York Meeting, February, 1929) 


Tus paper describes the result of a series of experiments run in the 
laboratory of the School of Mines, Columbia University, during the 
winter of 1927-28. It shows that the several operating adjustments of a 
pneumatic table produce effects in the action of a given coal that may be 
grouped into two classes, v2z.: stroke length, speed and rocker-arm angle, 
which affect longitudinal travel; air supply and table slope (transverse 
and longitudinal), which determine transverse travel. The magnitude 
of the effect of the different adjustments varies. Some of the adjust- 
ments affect stratification of the bed, both as respects size and specific 
gravity of the bed components, as well as direction of travel. 

Operation of a pneumatic table is fundamentally different from that 
of a wet table in that the former exerts, through the air supplied, a force 
on the particles upward away from the deck which is lacking on the wet 
table while, on the other hand, it lacks the positive control over cross 
travel that is supplied by the wash and feed water. 


APPARATUS 


The pneumatic table used is shown in Fig. 1. Deck A is 20 by 12 in. 
and consists of nainsook supported on slats that register with the 
rifles. Fig. 2 is a photomicrograph of the nainsook used. It shows 
that the cotton threads average about 0.13 mm. dia. and the apertures 
about 0.17 mm. The deck carries 12 riffles consisting of wooden strips, 
346 in. wide and 14 in. high, laid parallel to the feed side of the table. 
The riffles terminate along a line starting on the feed side at a point 11 
in. from the mechanism end and running to the corner formed by the 
coal side and slate end. Taper starts from a line that runs parallel to 
their terminal line through the junction of the upper riffle with the 
mechanism end. The height at the terminal line is about 149 in. The 
deck with its supporting slats is carried on a framework consisting of rails 
A, sloping end rails B, and adjustable metal strips C, which latter permit 
variation in transverse slope. This frame is enclosed at the edges by 
means of heavy canvas, indicated in the sketch by wavy lines, which 
makes a flexible conduit between the deck and the stationary air chamber, 

* Professor of Ore Dressing, School of Mines, Columbia University. 
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and this in turn is connected with the air supply, as indicated. Within | 
the upper end of chamber D is a galvanized-iron plate, punched and bent | 
roughly after the fashion of expanded-metal lath, the vanes turned so as ; 
to direct air diagonally toward the feed corner of the deck. The corner 


Feed Scde 


Fic. 1—PNEUMATIC TABLE USED BY AUTHORS. 


of the deck uncovered by riffles was covered during the runs by a right- 
triangular piece of cardboard 7 in. on a leg, which prevented excessive 
discharge of air at this part of the table, where, due to absence of bed, 
the resistance to passage of air was least. The deck framework is sup- 
ported on four links or rocker arms H, inclined about 1714° from the 


slate of +1.5 sp. gr. 
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vertical, as shown, the exact inclination varying with the effective length 
of connecting rod F. The rocker arms are supported by the fixed frame- 
work G, H, I, etc. Longitudinal slope is varied by means of the arc 
supports J and pin support K. A simple variable-stroke eccentric actu- 
ates the deck through a system of cone pulleys to a 14-hp. motor. It was 
found unnecessary to accentuate reverse at the forward end of the stroke 
by means of a bumping block. A bumping-tray (Hooper) feeder L, is 
mounted on the same frame and driven from a second pulley on the 
motor shaft, so that it is possible to maintain constant feeder speed 
despite variations in table speed. 
Air is supplied by means of a Clarage C. I. No. 7 blower run at 
constant speed, the volume supplied being controlled by the size of the 


inlet orifice. Air volume was measured by means of orifices of different 
sizes and water-gage pressure readings. 
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Fig. 2.—NAINSOOK CovER. X 10. 


TESTING PROCEDURE 


The work was directed toward investigating, one at a time, the 
effects on performance of the table of air supply, speed, length of stroke, 
longitudinal slope, transverse slope and rocker-arm angle, all of the 
variables but the one immediately under investigation being held constant. 

The material used was an artificial mixture of a relatively clean and 
not very soft bituminous coal, containing about 9 per cent. of bone and 
To this was added enough slate from a different 
coal to bring the total percentage of material +1.5 sp. gr. up to the 
figures indicated in the various tests, averaging about 15 per cent. This 
material was crushed and screened to pass a 14-in. aperture Hum-mer 


screen and stay on a }{g-in. aperture Hum-mer screen. It will be noted 
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in the sizing tests of products that a considerable amount of —14¢-in. 
material is recorded. The presence of these fines was due in part to 
imperfect screening of the feed, in part to degradation in handling. 

Preliminary tests showed a feed rate of about 3.5 kg. per min. well 
suited to the size of table. Detailed figures of the actual feed rates are 
given in the records of the tests. 

In each test the table was run until conditions became relatively 
constant; the entire discharge was then caught for a short interval in a 
cutter arranged to fit against the discharge edges of the table, and so 
compartmented as to deliver 8 products from X, to Xs, representing 
successively the discharges from 3-in. lengths along the discharge edge 
beginning at the mechanism end of the coal side. 

The samples of table discharge were next separated into three groups, 
viz.: (a) specific gravity greater than 1.8; (b) specific gravity between 
1.8 and 1.5; and (c) specific gravity less than 1.5; using solutions of zinc 
chloride. These fractions were then screened on round-hole punched- 
plate testing sieves of nominal apertures of 1g and 1¢ in. and the various 
products were weighed. 

The table discharge was next arbitrarily divided, solely on a weight 
basis, into three classifications, namely, ‘‘coal,’”’ constituting the 70 
per cent. of material discharged in the positions of lowest subscript 
value; ‘‘middling,”’ the 20 per cent. of material discharged in the positions 
next to the coal; and finally ‘“‘slate,” the 10 per cent. of material dis- 
charged in the positions of highest subscript. The physical character 
of these three products when the table was operating to produce the 
best results was roughly as follows: coal was largely clean material 
of less than 1.5 sp. gr., slate was largely of +1.8 sp. gr., and middling 
was a mixture of clean coal (—1.5 sp. gr.), slate, and bone (1.5 to 
1.8 sp. gr.). 

Following this arbitrary classification, a ‘‘relative separation index” 
(R. 8. I.) was calculated. This was done by first distributing the +1.5 
sp. gr. material in the middling between ‘“‘coal” and “slate”? in the 
proportions in which such material was found in these classes in the 
original analyses and classification, then dividing the adjusted weight 
of +1.5 sp. gr. material in the adjusted ‘‘slate” by the weight of +1.5 
sp. gr. material in the original feed. This R. S. I. is obviously the 
adjusted actual recovery of +1.5 sp. gr. material in the “slate,” or the 
adjusted percentage rejection of waste, on the basis that the arbitrarily 
chosen 10 per cent. slate reject. would correspond to an actual operation 
on the particular feed investigated. Such an assumption would be 
true only accidentally for any given feed. The alternative was to 
introduce another variable by having movable splitters, but since 
calculation automatically adjusts the position of discharge to maintain 
the weight classification set up, it is preferable. 
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A second measure of performance is obtained by determining the 
position on the discharge periphery of the table at which the center of 
mass of the total table discharge falls. 

The way in which these two measures interpret the action of the 
table under various operating conditions is apparent from the discussions 
of the results of the tests, which follow. 


ErFFecTs OF VARIATION IN QUANTITY oF AIR SUPPLIED 


In this series of runs air volume was the variable and ranged from 
172 to 520 cu. ft. per min., corresponding to 115 to 350 cu. ft. per min. 
per sq. ft. of table surface. (Note here, however, that on account of 
losses both in piping and at the flexible joint between the expander D 
(Fig. 1) and the table top, the figures for air per square foot of table top 
are not accurate, but they are an approximation to the truth and are 
substantially accurate relatively.) The other variables of operation 
were held constant at the following figures: speed, 320 strokes per min.; 
length of stroke, 14 in.; longitudinal slope, 5g in. per ft.; transverse 
slope, 314 in. per ft.; rocker-arm angle, 17.5° from the vertical. The 
rate of feed was about 3200 g. per minute. 

Tables 1 and 2 give the numerical results of the runs; Table 3 shows 
calculation of R. S. I., based on values read from Fig. 3. 

Fig. 3 presents two independent sets of curves that interpret graph- 
ically the data of Table 1. The curves slanting upwardly to the right 
give at any point the percentage of the total weight of the feed that has 
discharged between that point on the discharge periphery and the 
mechanism end of the table. The other set of curves gives for any 
given rate of air supply at any given point on the discharge periphery 
the coal content of the material discharging at that point. 

From an examination of the first set of curves it is apparent that for 
any point lengthwise of the table the average rate of flow down slope 
and the consequent solid discharge up to that point have increased with 
increase in volume of air supplied. From this fact it is to be concluded, 
as observation of the table in operation makes clear, that fluidity of 
the deck load increases with increase in air quantity. Observation 
indicated, and the indication was confirmed quantitatively, as will be: 
seen later, that the quality of the operation improves with increased 
fluidity of the bed up to a point where the amount of air becomes exces- 
sive. Then blow holes appear in the bed and the finer particles are 
lifted some distance above the surface. (See Fig. 556.) With such an 
excess of air the quality of the work falls off rapidly and continuously. 

It is worthy of note that a straight line on this set of axes would 
represent uniform discharge along the full length of the coal side of the 
table. The inflection that occurs at about the 16-in. point is due to two 
facts: (1) At about this point the bed thins out so much that the lifting 


TaBLE 1.—Specific-gravity Analyses of Table Discharges with Different Rates of Air Supply 
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* These figures are calculated from the graphs. 
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TaBLu 3.—Calculations for R. S. I. 
‘AurhCu. Fhaper bene awa eR ai | 250 at 322 | 3 5. 
E 2 Total impurity* in sample of 1000 g. i 193.01 126.6, 140.6. 126 
Pi >». Umpurity in goal, gt ee [111.9] 58.0) 29.8) 28.0 31 
Impurity in middling, g............- | 44.5] 33.1] 44.3] 31. 
Impurity in slate, g.......... ee 36.6 35.5 66.5) 2|_ 56.5) 
Middling impurity allotted to coal, g.|_33.5| 20.5| 13.7| 8.9] 12.3) | 2.2 
Middling impurity allotted to slate, g.| 11.0| 12.6| 30.6, 22.9) 22.9| 49.5] 


Adjusted impurity in coal, g........ | 145.4) 78.5| 43.5] 36.9) 42.5) 60. 4] 7 
ei Adjusted impurity in slate, g........ 47.6| 48.1| 97.1] 89.1) 79.4] 134.4) 95.7 — 
Ri je ee ea Me ra Bet Ge 38.0 69.0] 70.7) 65.2) 69.0) 57.715 


* Material + 1.5 sp. gr. 


from their neighbors. (2) Inspection of the curves indicates that their E 
point of meeting, had these two conditions not interfered, would have 
been at about abscissa 18. For such a set of curves, the one for 375_ 
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Fie. 3.—Ratres AND ANALYSES OF TABLE DISCHARGES WITH DIFFERENT QUANTITIES 
OF ATR. ; 


cu. ft. of air per min. would approach nearest the straight line. This 
rate, later analysis showed, is the one producing optimum separation, 
from which it seems that a uniform discharge rate along the coal side 
is a condition to be sought. Owing to the difficulty of obtaining a 


in. of the lowest riffle was maintained at its minimum height 
; ather over % 82 in. Coupled with this it was found, experimentally, 

that the great majority of slate particles discharging towards that end 
y _ of the deck had a thickness of under 1/9 in., which would bring the height 
of the center of gravity of most of them ae or below the riffle height. 


Fe _ of these particles difficult before the end of the riffle was reached, and 
A _ this in turn, would result in the continuation of the discharge curves 
ee as noted. 

The other set of curves on Fig. 3 shows that with the exception of the 
_ two lowest and the highest air quantities the extent of cleaning indicated 


was much the same for the first 6 or 7 in., say one-third the length of the 


table. Thereafter distinct differences became apparent in the character 
"4 of the discharge at any given point along the coal side for different air 
quantities. When the slate-coal corner was approached the quality of the 
discharge under different air conditions was such as to permit grouping of 
these discharges into three classes, viz.: those of highest coal content, 
represented by the curves for the two smallest air-supply rates; those of 
lowest coal content, indicated by those curves representing the two 
_ highest rates of air supply; and an intermediate group representing the 
_three intermediate rates. This divergence of the curves toward the right 
of the chart indicates: (a) At the two lowest air rates no substantial 
separation of coal and slate was begun until within 3 or 4 in. of the slate 
end. (6) At the highest air rates, by the time the material had reached 
a point three-quarters of the distance toward the slate end, substantially 
all of the coal had been separated and, as is shown by the “discharge 
curves,”’ around 90 per cent. of the material had been discharged by this 
time. For the remaining length of the table, therefore, the deck was 
acting principally as a transporting means for refuse. (c) The middle 
group of three curves represents an operation in which, at about the 
three-quarter point, the product remaining to be treated carried about 
30 to 40 per cent. of worthless material and amounted to about 20 per 
cent. of the original weight; the rate of elimination of waste from that 
point on was practically a straight line function, and, therefore, within 
this range of air quantities, this corner of the table was properly loaded. 
(For discussion of an ideal coal-content curve see page 175.) These coal- 
content curves, therefore, indicate that, with the least air quantities, the 
table separation was deferred until the material had almost reached the 
slate end, the table being distinctly overloaded at this end and being, 
on these accounts, incapable of doing any effective separation; with the 
highest air quantities the deck was distinctly underloaded near the slate 
end and consequently overloaded near the mechanism end; while with the 
intermediate quantities the loading was substantially correct. 
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z This fact taken in conjunction with the former would make discharge 
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aa and slate were ce Bote die eae for ate int a 
or slate had been attained; (2) that the peaks of the discharge 
coarse coal and coarse slate are about 214 in. apart along the 
length, and for intermediate coal and intermediate slate about 1)4 
apart. Cleanliness of separation increases with increase in this spread, — 
and if the peaks are too close together, as in Fig. 4, where intermediate _ 
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Coal Side. Ditierce from Mechanism End, in. 
Fic. 4.—Positton OF DISCHARGE WITH AIR EQUAL TO 172 CU. FT. PER MINUTE. 


coal and coarse slate are discharging over almost identically the same 
range, and coarse slate is at half its maximum rate where coarse coal-is 
at its maximum, separation is almost entirely lacking. 

The physical interpretations of the points noted in connection with 
Fig. 4 are as follows: (1) Since rate of flow down slope is a function of 
the liquidity of the flowing mass, all other things remaining constant, it 
appears that in this test the liquidity. was slight, since the acinus of : 
discharge was deferred until the bed had traveled nearly 6 in. at right ? 
angles to the slope, and the main part of the bed did not discharge until ; 
after 12 to 15 in. of such longitudinal travel. When this behavior is 
compared with that of water on a slope of 314 in. per ft., the extreme 
lack of fluidity may be appreciated. (2) The material thab first leaves 
the coal side of the deck is that which is on top of the bed. Since the 
riffles get lower gradually toward the slate end, successively lower strata 
of the bed are left unsupported laterally by the lowest riffle and so are 
successively discharged.’ Thus the positions of discharge of the classes of 


f the bed. ie: af 4 Bes that heminektion in this ey ne 
of the same type as that effected when a mass of particles of differ- j 


t sizes i is shaken i in a box or pan. ‘Under such circumstances the fine — 


pene Ie is ae to be inferred from the prereaine piconreien that the riffles 
: ey have anything to do with stratification or with the order in which differ- 5 
Ee ent classes of material are discharged from the deck. They merely 4 
serve to slow down transverse travel and thereby i increase longitudinally © 
_ the distance over which discharge takes place. 
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3 Fia. 5.—POSITION OF DISCHARGE WITH AIR EQUAL TO 250 cU. FT. PER MINUTE. 
: Some stratification according to specific gravity occurred in this run, 


: as is indicated by the fact that the point of beginning of discharge of 
4 coarse slate is to the right of that for coarse coal; likewise the point of 
SS beginning of discharge of intermediate coal falls on the mechanism side 
| of the point at which intermediate slate begins to come over. 

In Fig. 5 the same data ate portrayed graphically for 250 cu. ft. of air 
; per min. Note that the point of commencement of discharge for all 
products has been moved toward the mechanism end; that the peaks for 
coarse and intermediate coal and coarse slate have been only slightly 
moved as compared to the preceding run, but that the peak for inter- 
mediate slate has been moved distinctly to the right; that the spread 
between the peaks of coarse coal and coarse slate has, if anything, closed 
up slightly, while the distance between the peaks for intermediate coal 
and intermediate slate has been increased; finally that the degree of 
stratification indicated differs but little from that in the first run. 


_ The physical interpretati 
Fig. 5 and their comparati 

as follows: (1) Increase i anti AH 
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Coal Side. Distance from Mechanism End, in. 
Fig. 6.—POoOSsITION OF DISCHARGE WITH AIR EQUAL TO 322 CU. FT. PER MINUTE. =a 


" ae 


per min. to that with 172 cu. ft. (3) The fluidity of the mass of the 
bed is as yet insufficient to permit marked stratification of large particles 
of the same size and different specific gravities, but the curves show that 
intermediate slate has segregated more completely from coarse than in __ 


the previous experiment, although the coal is not similarly affected. 4 
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Coal Side. Distance from Mechanism End, in. 
Fig. 7.—PosIvTIoN OF DISCHARGE WITH AIR EQUAL TO 375 CU. FT, PER MINUTE. 


Fig. 6 is markedly different from Fig. 5 and shows the beginning of 
effective work by the table. The positions of the different sizes of coal 
have reversed, although this reversal has not extended to the slate. The 

. peaks of the coal and slate discharge curves, for both coarse and inter- 
mediate sizes, have been spread to 4.5 or 5 in. apart as against 2.5 to 
3.5 in. in the preceding run. The peak of the bone discharge has been 
moved from a point substantially coinciding with that of the coarse slate — 


bout eet rene, ue coal and slate peaks, which is 
here it belongs. 
s ‘Fig. 7 indicates the optimum cundsisas for this series of runs. Both 
fine and intermediate coal started discharging before coarse coal; for 
— both fine and intermediate the discharge was substantially at a decreasing 
Fe ee rate, while the coarse was correspondingly held back. | 
This situation is seen more clearly in the upper set of curves in 
Fig. 8, in which the ordinates are expressed in percentages of the total 
amount of each class of material present in the feed. Here the order 
in which discharge starts is indicated as fine coal, intermediate coal, 
_ eoarse coal, fine slate, bone (coarse bone only, fine not included), 
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Fic. 8.— CHANGE IN RELATIVE POSITIONS OF SIZE AND SPECIFIC-GRAVITY FRACTIONS 
OF DISCHARGE WITH VARIATION OF AIR SUPPLY. 


ES id eo 2 


= ae 


coarse slate, and this same order is maintained when the positions of 
maximum discharge rate are considered. Comparison of these curves 
with the 250-ft.-per-min. curves plotted at the bottom of Fig. 8, brings 
out clearly the reversal that has occurred. 

The separation of the peaks of the coarse slate and coarse coal dis- 
charge curves is 5 in. Intermediate coal discharged at its maximum 
rate at the mechanism end of the coal side, 16.5 in. from the peak for 
intermediate slate, and, as will be developed in considering Fig. 12, the 
spacing between the centers of mass of these two discharges was near 
the maximum for the series of runs. The peak of the bone curve falls 
in the valley between the other two sets. 

These curves make apparent the full and proper effect of the air, 
which is to offer such resistance to fall of the solid particles, thrown 
away from the supporting surface by the motion of the deck, that these 


~ 


168 ELEMENTS OF OPERATION OF THE PNEUMATIC TABLE 


particles may fall at different rates according to the laws iieke govern 
the movement of discrete particles in a resisting fluid. Under these laws 
the rates of fall increase with increase in specific gravity and size, 7. ¢., 
with increase in effective weight. The order of decreasing falling veloci- 
ties for the particles present on the table deck is coarse slate, fine slate 


Coal in Samples, g. 
Bone and Slate in Samples, 


= 
Coal Side.Distance from ens End, in. 
Fig. 9.—PoOsITION OF DISCHARGE WITH AIR EQUAL TO 420 cU. FT. PER MINUTE. 


and bone, coarse coal, intermediate coal, fine coal, and this is precisely 

the order of stratification, as pointed out in the preceding paragraph. 
The curves in Fig. 9 indicate no substantial differences between this 

test and the preceding one. The order of commencement of discharge 
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Fig. 10.—Posttion or DISCHARGE WITH AIR EQUAL TO 455 CU. FT. PER MINUTE, 


and the positions of the peaks are practically coincident in the two runs, 
and what has been said about Fig. 7 applies to Fig. 9. 

The curves in Fig. 10 show an operation of the same general character 
as those portrayed in Figs. 7 and 9, with, however, two characteristic 
differences. In the first place, the anne discheires has been moved 
back toward the mechanism end of the table, and, as a result, there has 
been some cfowding together of the positions of the dischaxys peaks 
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_ Feo 11.—Pos!t10on oF DISCHARGE WITH AIR EQUAL TO 520 CU. FT. PER MINUTE. 


along toward the slate end before discharging. Unfortunately, however, 
_ the bulk of the bone and a considerable part of the coarse coal have been 
. r moved forward with the slate so that the grade of the reject has been 
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Fria. 12.—RELATION BETWEEN POSITIONS OF DISCHARGE OF CENTERS OF MASS OF 
VARIOUS CONSTITUENTS OF BED AND QUANTITY OF AIR SUPPLY. 


distinctly raised, with corresponding detriment to the economy of 


the operation. 
Fig. 11 shows further movement in the direction indicated in dis- 


cussing Fig. 10. 


170 ELEMENTS OF OPERATION OF THE PNEUMATIC TABLE 


Fig. 12 is a summary of the preceding five figures in that it presents 
the variation in position along the coal side of the centers of mass of the 
discharge of the different sizes of the three specific-gravity classes or 
grades investigated, and also the variation in position of discharge of 
the center of mass of the entire bed. The curve showing the shift in 
position of the whole bed indicates substantially straight-line variation 
of this function with change in air supply. In other words, since all 


other conditions were held constant, it appears that the liquidity of the . 


bed is a direct function of the quantity of air passed through it. 

The curve for coarse coal roughly approximates that of the whole 
mass, and the curve for intermediate coal shows no marked variation 
therefrom. On the other hand, the curves for coarse slate and bone 
show that as the air supply increased up to 320 cu. ft. per min. there was 
a movement of the position of the discharge of the center of mass of 
these products toward the slate end, while with greater volumes of air 


250 300 350 400 450 500 
Calculated Cu.Ft.of Air per Min. 


Fig. 138.—R. S. I.—arr. 


the point of discharge shifted back again toward the mechanism end. 
A similar tendency is shown by the curve for intermediate slate, but 
the point of reversal comes early in the series of tests. Separation of 
coal from slate will occur with maximum ease when the mean positions 
of discharge of the centers of mass of the two products are furthest 
separated along the discharge edge of the table. This maximum sepa- 
ration occurs in these curves somewhere between the abscissas 350 and 
400, so that the optimum condition as indicated by this method of 
analysis accords with that reached by the two preceding methods. 

Fig. 13 shows the relation between the relative separating index 
.and air quantity and, by a fourth method of analysis, indicates the 


optimum air quantity at somewhere between 350 and 400 cu. ft. of air 
per minute. 
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RR asaw le GENERAL ConcLusions as To Arr SupPLY 


j E _ The ideal quantity of air is that which, rising through the bed, offers 
sufficient resistance to the fall of particles to bring about stratification 


on the basis of both specific gravity and size. Under such conditions 
the bed flows readily. The shaking motion must be sufficiently pro- 


_ nounced so that it, in conjunction with the rising current of air, repeatedly 


throws the mass into partial suspension, and thus permits relative motion 


-among the particles according to the forces acting upon them. Under 


such circumstances the coarse slate settles to the table surface, and the 
coarse coal forms a layer on top of it, both settling according to the well 
recognized laws governing the settlement of solids in fluids. The fines, 
both coal and slate, tend to settle through the interstices of these coarse 
particles after the latter have come to rest. The rising current of air 
should be sufficient to prevent such settlement in the case of the coal, 
but the fine slate should, of course, settle below the coarse coal. There- 
after successive layers are sheared off by gravity as their support is 
removed along the coal side by reason of the tapering riffles, and the 
order of discharge should be fine coal, coarse coal, bone and slate. Fig. 4 
shows a condition in which the air quantity is insufficient to offer effective . 
resistance to the settlement of the fine slate and consequently this 
material is the lowest in the bed. Fig. 7 shows the peak of the inter- 
mediate-slate discharge substantially under the peak of the coarse-slate 
discharge, but Fig. 12 shows that at this air quantity, v7z., 375 cu. ft. per 
min., the position of the center of mass of the discharge of intermediate 
slate has moved definitely to the left of that of the coarse slate. These 
two figures, then, considered together, bearing in mind that 375 cu. ft. 
per min. was the experimental point of maximum efficiency, indicate 
that coarse and intermediate slate mixed together, the latter, however, 
slightly the higher, is the most desirable condition as regards stratification 
of the slate. 


Errects OF VARIATION IN LENGTH OF STROKE 


The results of tests run with an air supply of 322 cu. ft. per min.; 
transverse slope, 314 in. per ft.; longitudinal slope, 5g in. per ft.; rocker- 
arm angle, 1714°; and 320 strokes per min., are given in Tables 4 and 5, 
and the calculations for R. S. I. in Table 6. The rate of feed was about 
4000 g. per min. Fig. 14 shows that with }4-in. stroke 90 per cent. of 
the material came off in the first 9 in. along the coal side of the table, and 
with 3-in. stroke 90 per cent. had discharged in less than 1lin. At the 
other extreme, with 34-in. stroke, material was moved along the table so 
rapidly that but 33 per cent. discharged within the first 9 in. The bed, 
as might be inferred, was distinctly sluggish with the shorter strokes, and 
material piled up rather badly. Satisfactory travel of material over the 
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deck was reached at about 14-in. stroke and, as will be seen by reference to 
Fig. 21, optimum conditions are indicated with a stroke somewhere 
between this and 5¢ inch. 


TARLn 4.—Spectfic-gravity Analyses of Table Discharges with Different 
Lengths of Stroke 


[For Explanation of Letters, see Table 1] 
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Length of stroke, in. . | 4 


Weight of sample, g...| 1000 | 1000 | 1000 | 1000 | 1000 
Calculated per cent. of | | : 
feed +1.5 sp. gr.... 15.18 16.70 15.21 16.37 18 17, 
Position of center of 
mass of discharge in 
inches from feed end 4.48 4.92 6.77 8.87 10.77 
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Xs Bi losis a0 | 2.0 | 12.1 2| 6.7 ©] 5.3} 
: Bs Jot easea “| 25.21 (S| 34.9] [| 35.6 S| 34.0 
F ~ 2.2 32.8], 2.5/29.41,.| 12.6/26.41,.| 43.3/49.7I.] 105.2173.8 
Xo Sit 1c lee Oe | 2.9 | 2.2 a} 1.6 
iv.@) =H 00 sH 
= Se 4.5 | 5.5 Be: 41.7 —! 35.9 
F 0.8/10.7 4.6|20.5 15.1/37.8 
X7 Si No discharge so far along table. ao) o.3 ae 0.3 = 1.3 
S2 6 6.4 ie 17e6 S| 23.6 


Applying the same argument as to the upper convergence point of 
these curves as was applied to the similar set for air variation, convergence 
is indicated near abscissa 16.5, and the straight line portraying a uniform 


discharge rate along the coal side then falls between the curves for 4-in. 
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* These figures are calculated from the graphs 
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161. 211.4/32.8)/86.8)164.3/39.7|52.8/70.4/29.9]/20.7| 26.624.8 
i} 2270: P 10.4 2.3 Pee : 1.1) 0.3 0.5 
a 16.0 | 12.0 15.2] 7.2| 3.9) 2.6) 5.1) 037|-027|33 1) 0.6| 2.4 
7 ve F 122.6 |128.5/16.8] 91.0/124.0)11.4|/72.0)113.0/12.1158.0/77.0| 8.7|/32.0| 38.0/16.7 
Xs | & | 20.0| 4.8 9.0 | * | 2.5) * | 2.7 * 10.8 * 
Se 13.8 | 9.7| 3.1] 14.0} 7.0 2.0)" 2.6 4.5) 1.0 0.7 
F 73.0 | 74.0| 6.6| 61.0| 67.4| 4.0/66.1| 80.0) 5.6/70.7/90.0| 7.5/64.5| 73.8/15.4 
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4 Se 5.1 2.9) 0.2} 12.5) 11.5) 1.2|19.6) 12.6) 2.7|/20.9/11.9! 2.8)25.1] 6.9] 2.0 
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X6 Si 0.5 2.4, 0.5 1.8) 0.4 0.7; 0.9 
Se 4.1 0.4 3.3} 2.1) 0.1/18.1]) 12.3! 1.8]/23.4/15.7) 2.6/19.7] 14.1] 2.1 
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Xi No discharge so far along table. 0.3 0.1) 0.2 0.4; 0.9 
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Tas_e 6.—Calculations for R. S. I.; Length of Stroke Variable 


Length of stroke, in........-.+--++-.+5-- yy Bg Mg 5g 34 
Total impurity in sample of 1000 g.| 151.8 167.0 152.1 163.7 | 131.7 
Impurity in coal, g--..-a<...- ss - 98.7 76.6 37.2 59.7 48.5 

Impurity in middling, g.......... 25.2 43.9 51.8 45.9 39.1 
impunity mesilate, Foc.n 2. a. - ee oe 27.9 46.5 63.1 58.1 44.1 
Middling ore allotted to coal, 

PR Ne Pavape sake tered the iets ok ees am 19.6 27.3 19.2 23.3 20.5 
Middling Se allotted to slate, 

Sy eyecare Sa ALE Sys acd alia 5.6 16.6 32.6 22.6 18.6 
Adjusted impurity in coal, g...... 118.3 103.9 56.4 83.0 69.0 
Adjusted impurity in slate, g...... 33.5 63. 1 95.7 80.7 62.7 
TRigdfShh d behcucegnessemerttaicte Read atic 22.1 37.7 62.8 49.3 47.6 
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and 5£-in. strokes, thus indicating again the desirability of a uniform 
discharge rate. 

The coal-content curves show a generally lower coal content in all 
products than is shown in Fig. 3. This is due to the fact that the air 
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Fig. 14.—RatTES AND ANALYSES OF TABLE DISCHARGES WITH DIFFERENT LENGTHS OF 
STROKE. 


supply was less than the optimum. Allowing for this general lowering, 
however, the discharges except those for the two lowest strokes held up 
fairly well in coal content until the midpoint of the discharge edge was 
passed. The bulk of this enriched product discharged, however, up to 
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Fic, 15,—Posirion oF DISCHARGE WITH STROKE EQUAL TO 14 INCH. 


this point was only 40 and 57 per cent. of the feed, for the two longer 
strokes, which made an excessive rejection. With 14-in. stroke 73 per 
cent. of the feed was discharged up to the midpoint and analyzed better 
than 90 per cent. coal, but the slate reject contained some material with 
nearly 60 per cent. coal content. With 2g and 34-in. strokes the longi- 


ure of the coal-content graphs means correspondingly poor 
_ The ideal curve for pie table would be 


eres 
ee Per 
ad Sh PS a ee D 
a t L | 
Lt | hse. SS See 
Pape tt a act eS SE 
CORRE ECS ess 


18 


SS Seat 
Sate ae en ree 


20 


a 


feet 


So 


Leal 


fe 0 
8s Side. heats Ae Pearl Pi, in 


Fig. 16.—PosiTIoN OF DISCHARGE WITH STROKE EQUAL TO 3¢ INCH. 


of the graph, then dropped steeply nearly to the bottom of the sheet, 


and then ran, with a reverse curve, to the 20-in. mark. The curve for 


12-in. stroke shows the nearest approach to these characteristics. 
Fig. 15 shows, as was noted in discussing Fig. 14, substantially com- 
plete discharge of all products to the left of the midpoint, and while, 
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Fig. 17.—PosITION OF DISCHARGE WITH STROKE EQUAL TO 14 INCH. 


reading the coal curves alone, satisfactory discharge is indicated, yet the 
curves show likewise maximum discharge of slate and bone in the first 
few inches of the table length, in other words, almost complete lack of 
separation. Fig. 16, with 3g-in. stroke, shows the beginning of a move- 
ment toward separation. Coal discharge is still piled up at the 
mechanism end and the discharge rates of slate and bone at this end are 
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still entirely too large, but as compared with Fig. 15, the slate and bone 
discharges have moved distinctly to the right. It is interesting to note 
also that the curvature of the graphs for medium and fine coal is much 
steeper at the left-hand end of the plot than that for the coarse coal, ~ 
indicating that stratification of the coal with fine on top has occurred. 
The curves for slate also show, by the peak in the curve for fine slate well 
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Fic. 18.—POSITION OF DISCHARGE WITH STROKE EQUAL TO 9 & INCH. 


to the right, that fine slate has settled to some extent below the coarse. 

Fig. 17 shows satisfactory table operation. The coal is discharging 
at the maximum rate at the mechanism end and the bulk of the slate 
discharge has been transferred well toward the slate end. The peak in 
the bone curve comes near the valley formed by the coal and slate curves. 
The only objectionable feature in the curves is the appearance of fine 
slate and bone in the discharge from the first 3 inches. 
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Fig. 19.—PostrioN OF DISCHARGE WITH STROKE EQUAL TO 34 INCH. 


Fig. 18 shows a drop in the rate of coal discharge near the mechanism 
end, as compared with Fig. 17, and while there is distinct betterment as 
regards discharge of fine slate and bone at this end, nevertheless the lack 
of a distinct valley indicates that the peak of efficient operation has been 
passed. Fig. 19 brings out clearly the fact that the impulse towards the 
slate end was too great. The peaks of coal and slate discharges have 
been moved close together and the effect on separation is much the 
same as that with the shortest stroke (see Fig. 15), the point of maxi- 
mum discharge having been merely transferred from the mechanism end 
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Fig. 20.—RELATION BETWEEN POSITIONS OF DISCHARGE OF CENTERS OF MASS OF 
VARIOUS CONSTITUENTS OF BED AND LENGTH OF STROKE. 


when a mixture of solids of different sizes is agitated in in still air and strati- 
fication is on the basis of size alone. 

Fig. 20 shows, by the same reasoning that was employed in discussing 
Fig. 12, maximum spacing between the mean coal and mean slate dis- 
charges about midway between 14 and 5¢-in. strokes and it is at this 
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° Fig. 21.—R. 8S. I.—stTrRoKE. 


position that maximum efficiency is indicated on the R. 8. I. curve, 
Fig. 21. 

It will be noted that the abscissas for Fig. 20 are the squares of the 
stroke length and that choice of this scale results in a straight line for 
the curve for total sample. This is because the travel of material across 
the table is made up of a succession of projectile-like movements and the 
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_ GENERAL OBSERVATIONS ON STROKE LENGTH 


a 
a Since no tests were run involving variations in size of feed, there 
no data to establish the relation between this factor and stroke ler 
' But since, in respect of longitudinal movement of the bed, at least, t 
conditions on the pneumatic table resemble those on the wet shakin 
table, the same rule should hold, v7z., that the stroke length should 

increased with increase in size of inser treated. 
Stroke length and strokes per minute, being dependent factors in = 
determining the velocity of the table top, are likewise dependent variables 
within the limits imposed on stroke length by feed size. 5, 
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EFrect OF VARIATION IN SPEED 


In this series of Ps air supply was held constant at 322 cu. ft. per 
min.; stroke length, 14 in.; longitudinal slope, 5¢ in. per ft.; transverse 
slope, 314 in. per ft.; rocker-arm angle, 1714°, and speed varied from 222 
to 450 strokes per on The feed rate was about 3100 g. per minute. 

The experimental results are tabulated in Tables 7 and 8, and the 
calculations leading up to R. 8. I. in Table 9. 

The cumulative discharge curves on Fig. 22 show that with 222 strokes ; 
per min., 90 per cent. of the feed discharged within the first 714 in. from A 
the eens end. Physically interpreted this means that there was 
a thick sluggish bed which traveled directly down the table from feed to 
discharge with no chance for effective segregation therein. At 300 and 
330 strokes per min. the material was much better distributed, but even 
here 90 per cent. of the material was discharged in 70 per cent. of the 
length of the table. The most effective speed was 390 strokes per min., 
and the curve for this speed averages nearest the straight line portraying 
uniform discharge. 

Reading the discharge curve for 390 strokes per min. in connection 
with the corresponding coal-content curve, we find that at 1614 in., where 
90 per cent. of the material has been discharged, the percentage of 
coal in the slate is 55, with a relatively rapid drop to zero in the next 314 
in. Comparing this with the curves for 450 strokes per min., while it 
appears that in the latter case the material was even more thinly spread on 
the table and at the 90 per cent. point on the cumulative curve the per- 
centage of coal in the discharge was only 5214 per cent. , yet the grade of 


material discharging in the first 6 in. was distinctly lower than that at 
390 strokes per minute. 


a 19 a ~ ° ro) a) © 
S so3B,U00INg < S n © x b 1S 
Bae: 10 aa) a a @ a io) - 8 
os 19 Gr) aah |O © |OnRH|O KF |\OoORM|\SOH|MOR 
3 Sle eg a eee ie Ses 26“ /sn gia te 
a “© ‘sojdureg, Jo FUS19M 1890. Tee | 8'02| 8°89| o°26r| T'6ts| o'192| 9°86 
a ——_—$|$——=——— ‘ia ie ea Co 
: 3 se3ejue010g = xe = - 3 e z 
wi. ey o es rer) ce} ire) ~ 
yk o i oD Dm me |O @ |\otdtln + |ONH|moHnlOoOn 
a ols S oo) ; A Se [teas Sia K . ane me ae bacd eee 
Sy 3/S| x S ‘D ‘s1qPM eed) gf 8 |S Bevin © RS SieSair re 
o 5 P eo _—_ —— 
eS = t 
3 = “Ky ‘soqdureg yO 44310 [890.L G'28.|_S S6| 9 2ST) 9°982| G'0SZ| FSET | T°6E | 
OS ower ih ~ o [r=] Nn 
: a 3 | sede} u9010q S = = Ge 3 :: x | 
$ Ss a for) Q ca) ER) a 
aves i= ole 5 19 ‘ Rooly  |mMOlO H (OHHIHOOA A ik 
7 Q 2\S 8 ~ 5 ‘s7qsrom [eased | gt 18 S Rees SS cao OSS a 
’ s n 7 — > = = 
BN 2 : 
: . g “D ‘sojdureg jo 44519 M [830 $'9S¢ | 0 961 | F'98T | G'99T | E'FET| 2°09) O0'OT ‘ 
— L we (vo) oO Ne} o [or] ~ - 
© <a Be sesejueoi0g | \c a a we ag Re ae 8 
aS jst , O i) a 7) i) i) Me ks 
a) 10 Aoalt © |HHAla + [aos|wwols a 2 
; “aa ) Se rahe ac [em cof lf es cee eas : aT oe 4 3 
ns 2 ‘OPM WHE) SVS SB SKSe & PARiSra F 2 
ico ae : oo Cate q 
: fe) s 
& ‘ = | 5 ‘sedureg jo F4s10M 1890.1 2°09¢ |_2°S2S | 0°98T| S°9ST| T'9zT| 9'2e| 9'OT 3 
q ) © e) ro) = 
+ = sa3eqyUs010g a z = =a As fo a) 
ad : fee) ao, wo Ld 6) os 
& ra TMA D|HORaWnOnolHoOR a3 ; 
> ak : ; Reema |h ne Sa ages 2 
a D ‘sqqsIom [eed EIBZes BSH Ao ans 9 
= i ee ° 
3 “p ‘sordmeg jo 34310 M [890.1 EST Oimras Gn) LT et LS) 1S OT 4 
eevee > A LA a 
g , mo wt) ey al al “oN aos aon oo 
a ‘ WOTYBOISsB[D “ID “dg BQO ARINDHADINAD RHA HAD HH NMR 
; : 
g3 
A 7 = 
4 of \\, Bo : 
bs & | ’ x 2 + ~~ Ll oo = ry © - eS S Ko 
ass 2 :  -yaey, opdureg re) to b i ts ia Wo ies 9 8 
Swe Z2E+ 
“a iy 4 y ‘ AQ > 
o ae cs 4 = ° 
A bed eZ 


180 ELEMENTS OF OPERATION OF THE PNEUMATIC TABLE 


Tape 8.—Sizing Analyses of Table Discharges at Different Speeds 
{For Explanation of Letters, see Table 1] 


Speed, r. p. m. 222 | 300 | 330 | 390 | 450 
Weight, G. | Weight, G. | Weight, G. | Weight, G. | Weight, G. 
= 2 = ra = Se ms 2s = = 
ah Ss Ae eS Se ees Eg es Sa eh 
: Sheeler at Os ee ee ee (oi eR te eae 
Size Group is Ms Seales = cd Fs : Si : Ses = oy 
See Sey See PR eigenen Be (ae es ae 
| ! | | | | I | 1 | | I 1 I | : 
{ 
F_ |232.6|292.4/21.8]98.5)129.8/23.9]106.1 110.3/30.3] 11.3] 52.3/20.9| 0.3) 12.2)18.8 
X1 Si 14.2) 259 4:8) 1.6) 0.2] 3.2) 0.8) O.1) 0.3] 0.2 nat 
Se 20.0| 24.3] 5.5| 2.2| 1.2| 1.5} 1.3) 1.1) 3.2 0.1, 0.3} 1.9 Ole 
F 78.2| 96.4/13.8|92.0/105.0|10.4] 80.0) 93.7/12.0 30.0| 54.6| 8.0| 2.0) 7.0/11.0 
X2 Si 1.8) 2.1 4.5 * 3.5 * 1.5 * * 
Se 13.8] 6.8| 2.5] 6.5) 2.0 1.3 .0 n 0.2| 0.3 
F 45.4| 46.3| 3.2|78.5| 84.4| 5.5| 73.2) 91.2) 7.9 64.4! 8123] 7.1] 14.3] 42.3/10.4 
X3 Si 3.8) 0.6 3.2) 1.0] 0.2] 6.6) 1.3) 0.5; 2.6) 0.7) 0-2 0.3) 0.4 
Se 12.2) 5.3/ 0.8] 8.9] 3.2] 1.1] 1.4] 3.2] 1.2] 0.4) 0.4 0.6 0.1| 1.0 
F 8.3) 16.6] 2.1/69.0| 65.0| 1.9] 60.0) 73 0! 5.8|100.0/122.0) 5.2| 62.0 113.0) 9.8 
X4 Si 1.2) 0.3 2.5 * | 10.0 * 4.0 * 2.0 * 
Se 4.0} 3.9) 0.7|10.8| 6.0 8.0) 6.5) 1,2], 2.6 1.0} 1.5 
F 4.5| 4.5) 0.4|/49.7| 35.5] 1.7] 35.8] 46.4] 2.6]102.5/115.0) 3.3]/149.1/144.0) 8.5 
Xs Si 0.8} 0.3 8.3) 2.2) 0.1] 5.9) 1.3] 0.2] 11.6) 2.4) 0.2) 5.7) 2.5) 0.5 
S2 3.2| 2.0) 0.5]15.1| 11.7| 1.8] 23.0) 16.4| 2.7] 8.2) 5.6) 1.7| 3.3| 3.2) 2.3 
F 5.0| 5.1| 0.3] 5.2| 6.4] 0.5] 34.2) 38.4; 1.7] 90.2/101.2) 3.2 
Xe Si 0.9) 0.5 0.9] 0.6] 0.1] 8.7} 1.5) 0.4] 12.2) 3.8) 1.0 
S2 No discharge 16.3 8.5| 1.0] 20.6] 14.8] 1.6] 29.7] 16.2] 2.6 O72) 9.8) 200 
F so far. 0.8] 0.6] 0.1] 0.2) 0.6] 0.1] 2.4] 4.4) 0.2] 15.5] 17.2] 0.6 
X7 Si . 1.5) (029) O28) 223)" 2 evo 
Sz 6.3| 2.6) 0.2] 5.1) 3.7| 0.3] 13.0] 14.9] 1.7] 29.9] 23.5] 2.3 
F 0.4 | 1.3 | 0.2 
Xs Si ; 0.2 | 0.2 
Se Discharge over end of table—————_ 5.2 ligase tae 
* These figures are calculated from graphs. 
TaBLeE 9.—Calculations for R. 8. I.; Speed the Variable 
Speed a ripr Dates + vic cate eetods: hte Pitnvs taiels aban enters 222 300 330 390 450 
Total impurity in sample of 1000 g.) 133.5 | 140.3, 158.7 140.7 165.5 
Impurity in coal, g..........-+.+- WUe3 47.8 42.4 30.7 38.3 
Impurity in middling, Bees ssensee 29.6 35.1 49.5 44.1 55.2 
Impurity in Slates. Prati torent 26.6 57.4 66.8 65.9 72.0 
Middling impurity allotted to coal, 
fe cee or 2 15.9 19.2 14.0 19.2 
Middling impurity allotted to slate, . 
fe coe ee Sits 6.7 19.2 30.3 30.1 36.0 
Adjusted impurity in coal, g...... 100.2 63.7 61.6 44.7 57.5 
Adjusted impurity in slate, g......| 33.3 | 76.6 97.1 96.0 108.0 
teas sia Dati ary PR re cucine PACA oe 25.0 54.6 61.2 68.3 65.3 
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Fia. 22.— RATES AND ANALYSES OF TABLE DISCHARGES WITH DIFFERENT SPEEDS. 
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Fig. 23.—PosITION OF DISCHARGE WITH SPEED EQUAL TO 222 STROKES PER MINUTE. 


could not effect proper suspension of the particles and that stratification 
took place, therefore, according to the laws applying when agitation 
unaccompanied by effective buoyant action of the surrounding fluid is 
applied to a mass of grains of mixed sizes. 
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Fic. 24.—PosITION OF DISCHARGE WITH SPEED EQUAL TO 300 STROKES PER MINUTE, 
: 
eee : Pen 8. 
and gradual fall of the coal curves are ae those indicating efficien 


concentration. The curves on Fig. 25 (330 strokes per min.) show lit: 
change in position of discharge of the coal due to the increase in speed, 
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Fic. 25.—PosITION OF DISCHARGE WITH SPEED EQUAL TO 330 STROKES PER MINUTR. 


but distinct retardation of slate discharge until the midpoint of the 
discharge edge is reached. In Fig. 26 (390 strokes per min.) representing 
optimum conditions, intermediate and fine coal were well above the 
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Fic. 26.—PosITION OF DISCHARGE WITH SPEED EQUAL TO 390 STROKES PER MINUTE. 


coarse, as is shown by the positions of their respective curves at the left- 
hand fice of the table; slate and bone were well stratified, as indicated by 
the way in which the curves for these substances hug the hoes line of the 
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chart; the point of maximum discharge of coal, viz.: about 12 in. from 
the mechanism end, was well separated from that of slate at slightly 
over 17 in.; and the slate-discharge curves make pronounced peaks with 
steeply gapiae sides, which means that slate discharge was distinctly 
segregated to the last 5 in. of the table. The valley between the slate 
and coal curves is deep, and the bone curve shows its peak in the ideal 
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Fig. 27.—PosiTioN OF DISCHARGE WITH SPEED EQUAL TO 450 STROKES PER MINUTE, 


position, 7. e., in this valley. Fig. 27 shows the whole discharge moved 
over toward the slate end, some of it even moving around onto the slate 
end. The peaks of the slate and coal curves are crowded together some 
20 to 25 per cent. as compared to the preceding operation, thereby making 
a more difficult separation. 
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Fig. 28.—RELATION BETWEEN POSITIONS OF DISCHARGE OF CENTERS OF MASS OF 
VARIOUS CONSTITUENTS OF BED AND SPEED. 


Fig. 28 shows a substantially straight-line movement, along the 
discharge edge, of the center of mass of the whole bed with increase in the 
square of the number of strokes per minute, and substantially the same 
variation for coal. The center of mass of the slate discharge moves 
toward the slate end at a greater rate throughout the first part of the 
speed range investigated and thereafter at a lesser rate. 
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Fig. 28 also shows that maximum divergence of the me 
mean slate curves comes at slightly more than 330 
which is thereby indicated as the point at which table operatio 
be easiest. Fig. 29, on the other hand, indicates a maximum R. | 


or slightly above 390 strokes per min. Reference back to the te 
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Fig. 29.—R. S. I.—spzep. 


dealing with Figs. 25 and 26 and to the figures themselves shows that __ 
the superior results in the run at 390 strokes per min. are due to the way 
in which slate discharge has been held back until close to the slate end 
of the deck and to a corresponding retardation of bone. Thus while 
the coal discharge as a whole is shown moved to the right in Fig. 26 as 
compared to Fig. 25, and thereby moved closer to the center of the slate 
discharge, as Fig. 28 shows, yet Fig. 26, with its steep-sided valley and 
the bone peak well to the right of the coal, indicates conditions that 
permit a good cut, and the coal is exceptionally clean. 


GENERAL OBSERVATIONS ON SPEED 


As noted under stroke length, this variable and speed are dependent, 
high speed being a necessary accompaniment of short stroke and vice 
versa. Figs. 26, 27 and 28 compared with the two preceding them and 
with the similar groups portraying the effects of the other variables, 
indicate that the bunching together of different constituents of a feed, as 
shown by the sharpness of the peaks, is more greatly affected by this 
variable than by any of the others investigated. 


per min.; Nenete of irk ae in.; a per ants 390; ae ; 


3% i in. per ft.; rocker-arm angle, 1714°. The feed rate was 
at. 200 g. per min. Table 12 shows the calculations for values 
aeke Fas f 
10. ee rer Monies of Table Discharges with Differing 
Longitudinal Slope 
[For Explanation of Letters, see Table 1] 
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ce. Calculated percent- r 7 
; be age of feed +1.5 ; on 
PARE Oe, Mee bec 17.98 12.21 15.59 14.81 . 
- Position of center of 
- mass of discharge 
in inches from feed : 
1 eet 13.90 8.66 3.82 1.91 
3 ro) ro) S (o} ro) o a} o 
: q > > un E 
; 3 2 | 8 2 i + g + £ 
ao a “Shes | “Bb ede) “Sis| "eb ee a) 4 
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a Soe eee Fg Egos Bal 2 |Fg EB | 3 
ue | 7 | A f=) ae eho lee tes le elf ee ra 
e | “s |gs = | 2 |ge € | 2 les & | £ [Zee | 
oped ° ° 
F a eee ite ce ly cane ie le ee He ee ae a 
: F |& | 25.3) 97.6] — | 183.2) 97.7] & | 546.7| 94.0 | & | 779.0) 89.4 
Xi Si a 0.1 2 1.9 2 | 19.9 & | 24.5 
S2 0.5 2.5 15.4) 68.1 
7 F .| x |. 30.8| 97.3 | © | 143.2, 97.0 | © | 186.6] 88.8 | © | 71.1/ 58.8 
; - na S bs tel o (=) 5D 
; r ae a \ 0.9 x 4.4 | 28.4 ie ie 
é F ~ | 67.6| 97.0 | © | 159.4 96.0 | o | 82.6] 77.2 | ., 1.8] 34.0 
* Xs Si ey rf io 4.1 bs 9.5 a 
aes Se a 1.0 s 2.5 a ae 3.5 
- F mt | 136.8, 95.6 | ~ pe 92.5 | » | 26.0] 42.8 | 
Xe a 1S 3} ~ | & [$14.9 2 bass ee ee 
Se lel f <i)! P 
—- | —-F |e | 264,5| 92.4 | » | 164.8) 82.2 | 2.2/6.3 
Xs Si eee 3 S| 15.6 <i 1.2 
BP} 9.8 RX | 20.0 add Mong, 
F © | 206.2| 81.8 | 4 | 41.3| 48.9 | 
X6 Si rs 2521 bd 6.3 mS - 
S2 “ | 20.7 36.8 ‘ 5.3 
P en -289- 4) (5325) | on rae es 
X Si a 14.7 <i 0.2 No discharge so far along table. 
Ss: |= | 56.0 eae ae Oa f - 
F 7.6| 19.2 
Xs Si ie 157) S= Discharge over end of table 
Se % | 30.2 
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TABLE 1 


tudinal Slope 


[For Explanation of Letters, see Table 1] 


ELEMENTS OF OPERATION OF THE PNEUMATIC TABLE 


1.—Sizing Analyses of Table Discharges with Differing Longi- 


: ° 15/ 
Longitudinal slope....--- ’ 6 
Weights of Sp. Gr.-Size Groups in Grams 
* = S = ee = 3 = = 
Size Group ‘e \ e ¥ ‘e ae a * 
ee a en ce ede i hc ee ya, 
RS 3 r N = ‘eo = = *o = = ‘o 
| & bat Sel elie Se STS A ee 
| | | | | | | | | | | | 
F 0.5, 16.3, 8.5] 40.0117.2 EAE Sar ore 38.7|414.2/333.0| 31.8 
X1 St 0.1 1.0) 0.5' 0.4] 15.1) 4.1] 0.7| 17.2) 6.8 0.5 
Se 0.1, 50-4) Onvit 12f @.6) 434 6.2| 4.8] 41.5] 21.1) 5.5 
F 3.8| 22.0) 5.0] 61.0) 76.2 6.0.120.0! 58.6} 8.0] 40.8) 28.2 2.1 
Xe Si EA 1.5 * 12.0 * 3.8).1153| .0:1 
Se 0.3 OS oi; 5.0, 5.0 32.8] 10.5) 1.2 
F 11.6] 52.5| 3.5] 82.4) 73.0| 4.0] 59.0] 22.6) 1.0 1.8 
X3 Si 0.3] O27) O.t| 228! 1.0) 0:3) 8.6) O.8 S04 
Se 0.6) 0.4) 1.0] 1.2] 0.3] 8.5] 5.5} 0.9] 2.0) 1.0 0.5 
F 50.0] 83.4] 3.4]109.0] 72.3) 3.0) 19.0) 7.0 
Xs Si 1.5 * 7.5 * 4.5 a 
S2 1.6) _1.5 332| 2.0) 19:15] ax 3S 125] --0:6).. 0.2 
F 175.21 $620) “3.31100;0) 63.3\5 1.5) 40) 2 11) SOrd 
Xs Si 10.4) T3LOL3) LOST LSE 04h S12 ao 
S2_ 6.0] 3.11" .0. 7) 18:0 8:3i” £22358) Ses) Oe 
F 155.3) 49.5) 1.4| 32.0) 8.5) 0.8 | 
Xe Si 23.'8| . Tod) (O-SN 4Sh Leas 022 : . 
S2 14.5] 5.6) O.625.4) 1024)" 2.0)" Sut) 1 eh ae. 
F 63.6) 17.1 0.7 £0) O26ie Bol 
Xi Si TS. 26 1S O29 OES No discharge so far along table. 
S2 44,°8/°10.0) 1.8) 7-4 5.2) 0.3] 
F §.9| 1.41 0.3 
Xs Si 1.4) 0.3 «——— Discharge over end of table. 
Se 23.3) 6.5) 0.4 


* These figures are calculated from the graphs. 


TaBLE 12.—Calculations for R. S. I.; Longitudinal Slope the Variable 


Longitudinal slope, derin.....c oc is omcereca ste 1°. 307 2° 45/ 4° 30’ 6°15? 
Prainicnial slopes in. Ber fh. so5 bee 0.31 0.58 0.94 1.31 
Total impurity in sample of 1000 g. Sete. | 179.8 122.1 155.9 148.1 
Impurity in coal, | Ee ens ay 50.9 30.2 46.4 57.1 
Impurity in middling, EE. «oe Poon eee 63.9 35.2 36.7 43.5 
Impurity in slate, Bice wees cere ene 65.0 56.5 72.8 47.5 
Middling impurity allotted to ‘coal, g ae 28.1 12.3 14.3 23.7 
Middling impurity allotted 46 lates g.. 35.8 22.9 22.4 19.8 
Adjusted impurity in coal, XE 79.0 42.5 60.7 80.8 
Adjusted impurity in slate, g. Bot | 100.8 79.4 t= ace 67.3 
Bi Beet Sones eee creek ene ee a 56.0 65.2 61.0 45.4 
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Fre. 30.—RatTES AND ANALYSES OF TABLE DISCHARGES WITH DIFFERING LONGITUDINAL 


SLOPE, 
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Fic. 31.—PosirioN OF DISCHARGE WITH LONGITUDINAL SLOPE EQUAL TO 1° 30’. 
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Fia 32.—PosiTI0N OF DISCHARGE WITH LONGITUDINAL SLOPE EQUAL TO Deas 
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The discharge curves on Fig. 30 show that with small longitudinal 
slope discharge is slow in starting and that at the midpoint of the table’s 
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Fig. 33.—PosiTioN OF DISCHARGE WITH LONGITUDINAL SLOPE EQUAL TO 4° 30’. 


Coalin Samples, g: 


Bone and Slate in Samples, g: 


Coal Side. Distance from Mechanism End, in. 
Fig, 34.—POSITION OF DISCHARGE WITH LONGITUDINAL SLOPE EQUAL TO 6° 15’. 


length only 15 per cent. of the material has been discharged. With 
maximum slope, substantially 90 per cent. of the total feed to the table 
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is discharged within the first 3 in. As in preceding series, optimum 


conditions were obtained when the discharge was most nearly uniform, 


which was with a slope of 5g in. per ft. With this slope, 90 per cent. of 
the material was discharged in the first 15 in., and the slate discharge 
at this point had some 72 per cent. of coal, but the coal content from 
there on dropped quickly. 

Fig. 31 shows the coal properly stratified, the slate-discharge curves 
with properly steeply sloping sides indicating a desirable compression 
of the slate discharge area, and the peak of the bone generally in the 
valley between the slate and coal curves, but the whole discharge, and 
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Fig. 35.—RELATION BETWEEN POSITIONS OF DISCHARGE OF CENTERS OF MASS OF 
VARIOUS CONSTITUENTS OF BED AND LONGITUDINAL SLOPE. 


particularly that of the coarse coal, is moved so far to the right as to 
prevent proper separation. Fig. 32, on the contrary, shows a distinctly 
more favorable condition, with the coal discharging at a good rate near 
the mechanism end of the table and slate discharge, although beginning 
at the mechanism end, yet remaining fairly low until past the midpoint. 
Fig. 33 shows the beginning of crowding of the products toward the 
mechanism end, and while there is a relatively great spread between 
the points of maximum discharge of coal and slate, yet the discharge 
rate of the slate at the mechanism end is distinctly too high and a large 
part of the bone is thrown into the coal. Fig. 34.shows the condition 
of crowding at the mechanism end in aggravated form with corresponding 
failure to effect any separation. 

Fig. 36 shows the only marked variation found in any of the tests 
from the rule that the movement of the center of mass of the discharging 
material along the coal side is a straight-line function of the variable 
under investigation or of some easily recognizable function thereof. 
Here the curve for the whole mass would indicate that this movement 
is affected most by given changes in slope when the slope is least, and 
conversely, that the movement of the center of mass is relatively small 
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Fig. 36.—R. 8. I.—.LoNnGITUDINAL SLOPE. Fig>-37. 


the sine of the angle of inclination.) It is possible that this interpre- 


tation of the curves is right in part, but there is a simple geometrical _ 


explanation to account for the shape of the curve. In Fig. 37, if AB 
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Fic. 38.—RAvTES AND ANALYSES OF TABLE DISCHARGES WITH DIFFERING TRANSVERSE 
SLOPE. 


represents the path of a particle with, say, zero longitudinal slope, and 
AC, AD, . . . AI represent paths departing from AB by successive equal 
angular increments around A, then it will be seen that even if equal angu- 
lar increments in longitudinal slope of the table deck produce equal 
though different angular increments in the departure of the successive 
lines of travel from the line AB (which would indicate a straight-line 
relation between angle of longitudinal slope and angular direction of 
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therefore effective to move the particles down slope, is proportional to 
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travel of particles), yet, because direction of travel is measured by the 
position of the intersections of these direction lines with the table edge 
BK, the displacements of the lines of travel along this edge will be great 
for small slopes and small for large slopes, which is precisely the condition 


indicated in Fig. 35. The authors are inclined to the belief that this is 


the true explanation for a large part of the curvature shown. 

Maximum spread between mean coal and mean slate discharge curves 
in Fig. 35 occurs somewhere in the neighborhood of 5¢ in. per ft., which 
will be seen by reference to Fig. 36 to be the slope for optimum operation. 


GENERAL OBSERVATIONS ON CHANGES IN LONGITUDINAL SLOPE 


This adjustment shows the least effect on efficiency of any so far 
investigated and, with the exception of change in transverse slope, the 
least of all. The change in efficiency per inch of movement of the point 
of discharge of the center of mass of the table bed is the least found with 
any of the adjustments (see Table 19), which indicates that while change 
in longitudinal slope affects to a large extent the direction of travel of 
the bed as a whole, it has little effect on the stratification or on the direc- 
tion of travel of individual layers in the bed. 


EFFECT OF VARIATION IN TRANSVERSE SLOPE 


Lateral slope was investigated over a range of 214 to 434 in. per 
ft. with the other variables held constant at the following values: air 
quantity, 375 cu. ft. per min.; stroke length, 14 in.; 390 strokes per 
min.; longitudinal slope, > in. per ft.; rocker-arm angle, 17144°. The 
feed rate was about 4000 g. per minute. 

The experimental results are summarized in Tables 13 and 14, and 
derived values for the run in Table 15. 

The discharge curves on Fig. 38 are rather closely bunched, showing 
that within the range of adjustment investigated there was but little 
effect on discharge. All three intermediate rates show fairly even 
distribution of material on the table deck. The run at minimum slope 
(214 in. per ft.) caused some material to be discharged from the slate 
end, but with all other slopes a complete and fairly uniform discharge 
along the coal side only was obtained. ‘The curves for the three inter- 
mediate slopes are bunched nearest the straight line from origin to the 
natural converging point of these curves. For these operations the 
last 10 per cent. is discharged in the last 6 to 7 in. of the coal side and 
contains a maximum of 50 per cent. coal, sloping thereafter very rapidly 
with an inflection point at about 20 per cent. coal content. The desira- 
bility of this type of coal-content curve was pointed out on page 175. 
Analysis of Figs. 39 to 48 inclusive, by the methods already developed, 
shows a tendency, with minimum slope, to crowd the discharge of large 
coal, bone and slate near the slate end. T'igs. 40, 41 and 42 are closely 
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TasuE 13.—Specific-gravity Analyses of Table Discharges with Different 
Transverse Slopes 
[For Explanation of Letters, see Table 1] 


Angle of lateral slope... | 10° 30’ | 13° 30’ 16° 0’ 17° 30’ 21° 30’ 
Weight of sample, g.... 1000 | 1000 | 1000 | 1000 | 1000 
Calculated percentage / | 
of feed +1.5 sp. gr... 20.61 21.35 19.84 19.26 21.83 
Position of center of 
mass of discharge in 
inches from feed end.. 9.83 8.98 8.02 8.27 ¥ fpp 5 
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Xi Siz l® big 25% =| 3.0 S| 2.1 S| 4.2} |@) 4.9 
Se 4.1 i= 6.9) 6.4 5.5) 6.9 
F rm | 101.4/95.0] «| 156.5.93.5}10| 163.1/94.0\a| 155.3/94.0/o| 205.7/91.0 
Xe Si rel n oo 3, o 
“es S|> 5.3 S| }10.9 | > 10.4) S*> 9.9 QR } 20 3 
F ja 117.5,93.4!ea| 153.8.91.4/ca| 168.991.7)-.| 165.093.2|0| 178.3 85.3 
Xs Si | 5.0 @| 8.9 zi 7.2 ri} 6.9) @| 18.1 
a 2 a etx =P SBS = ei ph tee N| 12.6 
F @ | 150.3'89.0}.0| 145.481. 0/ca| 159.3/82.0]n | 167.7/83.5}e0| 130.9|71.0 
- 2 S : . : 
} ft ate bi8.6 Ei ps4.a) |S) $34.9) |8}}as.0] |%)} 58.4 
F |x| 165.7/76.3|0| 106.6/58.8/0| 99.4/60.0\a} 122.1|61.9|«| 56.4/42.7 
Xs Si nh] 29.5 | 26.1 | 19.6 tie B1n.7 g} 10.5 
Se | 22.0 =| 48.3 | 46.6 | 53.4 4] 65.5 
F | 64.6/49.9] ./ 16.2/22.81,,| 12.5|19.2/.,| 14.7/24.4/0] 2.1/8.1 
Xo Si | 17.9 <3 Ey Si Se ole id sie Ort 
wile Svc rip A688 | OCB Lee °| 42.9 “1. 23.8 
F 1} 1E.2127-O)olis Titolo On Gat 0.4) 5.3 0.1) 4.3 
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TABLE 14.—Sizing Analyses of Table Discharges with Different Transverse 


Slopes 
[For Explanation of Letters, see Table 1] 
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Angle of lat- 


eral slope.. LOE TSOr 13° 30’ 16°07 17°. 30’ 21° 30/ 
| Weight of Sp. Gr.-Size Groups in Grams 
> 3s = 5 = 35 = = = _ 
| OX oie. A Seas <i 
Size Groups | + N su = ~ “i papas ie ip. aA ae 
> 3 oi = . s S ; : : > R . > 
Se ae RNS FS ie eat ae isa Se | se 
| | | | | | | | | | | | | | | 
F 35.5/123.3)19.5) 55.7/129.7/20.9) 55.5 creed 51.2)112.0)19.0)72.3)112.2)23.7 
Xi S1 ONG) 2540.6) Lez) 22.0) Ors! OFG dO Or5) dia Ls6| OL9 279) Sie 703 
Se ORcAr SR vAlaleid 1.0; 2.2) 2.7 eh ewlstell| Berle EO ee Oe Oy ine pa Rs Bini 
F 29.0) 67.9| 4.5] 65.0] 86.5| 5.0) 64.0] 89.1/10.0] 65.0) 86.3] 4.0191.7/100.0|14.0 
X2 Si 2.0 * 3.5 * 3.5 * 205) = 711020 * 
Se OCS wl oe 1.5} 1.5 2.4 6] 1.3 4 3.2) 227 
F 58.2) 57.1| 2.2] 88.5) 61.8] 3.5] 90.7) 73.2) 5.0/106.4| 55.5) 3.1/95.4/ 78.7] 4.2 
X3 Si 4.1) 0.8) 0.1) 7.0) 1.6) 0.3) 6.2) 0.9, 0.1) 5.1) 1.7) 0.1/16.2) 1.7] 0.2 
S» 10} SONG esnaiee Laol Oni) 4207 729). 0 02) 15) 2.6 \e\..1|| 6.0 3 La3 
F 96.0| 52.3] 2.0/101.0| 42.0| 2.4/105.8! 51.5 2.0130.0| 35.7) 2.0/80.9, 48.0] 2.0 
X4 Si 11.0 * 16.5 * 17.5) 3 18.0) | * 115.0 * 
So 3.0) 4.0 12.0! 4.5) Ol 7s. 0 ee Toole 4.20 27.5. 10.5, 
F |115.2| 49.0) 1.5] 74.2| 31.2) 1.2, 67.2| 31.3| 0.9, 94,5'-26.6] 1.0.38.0)] 17.6| 0.8 
XS | S1 27.9 1.5) Ongiee4t), 2.9) 0.4) 18:50 1.4| 0.2) 2052) 1.41 .0.1) 8.6) 1.6) 0.3 
So 10.9) 10.0) 1.1] 34.0) 11.6) 2.7) 30.5) 14.8) 1.3) 36.8 13.9 2.7/44.8) 18.7| 2.0 
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Se 33.1) 12.3] 1.4] 35.8! 12.1! 1.4] 37.7) 12.6) 1.3) 33.2) 8.8) 0.9j14.5) 10.1) 0.9 
F 6.9} 4.0) 0.3} 0.6] 1.0) 0.1) 0.2} 0.5 O82) ~ O52 0.1 
X7 Si 2.3) 0.5 Ont On2 
S2 19.6! 7.0) 0.9} 10.6) 4.6) 0.5, 7.6) 2.8! 0.3) 5.3! 1.4 0.2} 1.2] 0.9! 0.1 
F 129} “297/ 0-3 
Xs S1 0.6) 0.2 " 
Se 11.4| 7.51 0.8 «Discharge over end of table 


* These figures are calculated from graphs. 


TaBLeE 15.—Calculations for R. S. I.; Transverse Slope the Variable 


WGaheral SIOPS NAS ie sm gc ah vale ios Soe gee oi slayeveee « 10° 30” 18% 30"— | 16°" 0 “}\-1'7°280" 4-202 307 
| | | 
DLateralislopa,in. perft..s.-.........-.. 2.22; 2.88) 3.44! 3.79 4.78 
Total impurity in sample of 1000 g....... | 206.1 | 213.5 | 198.4 | 192.6 | 218.3 
Impurity in coal, g........... eC etre [| 61.6 | 60.0] 55.6] 56.0| 72.7 
Impurity in middling, g.....--..-.....--| 72.1] 75.9 | 66.5 Gosh | = 7201, 
Impurity in slate, g......... ees re 77.6] 76 2} 10.8.) 78.5 
Middling impurity allotted to coal, (aeeieeee ee sh 834 | 280 | 29.2 | 35.8 
Middling impurity allotted to slate, g....| 39.0 42.8 | 38.5 | 36.9 | 86.3 
Adjusted impurity in coal, g............. 94.6 | 93.1| 83.6 | 85.2 | 108.5 
Adjusted impurity in slate, g............| 111.5 120.4 | 114.8 | 107.4 | 109.8 
ROS At eae ee Oe eee eee 54.1 | 56.4| 57.8| 55.8| 50.3 
a ee 


194 


similar and have all of the characteristics indicative of good operation. 
Fig. 43 shows crowding toward the mechanism end and little separation 
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of bone from coarse coal. 
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Fig. 39.—PosiTION OF DISCHARGE WITH LATERAL SLOPE EQUAL TO 10° 30’. 
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Fig. 41.—PosITIon OF DISCHARGE WITH LATERAL SLOPE EQUAL TO 16° 0’. 


Fig. 45 shows substantially straight-line relation between the angle 
of transverse slope and the position of discharge on the table edge for 
all of the individual products and therefore, also, of the table bed as a 
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Fig. 42.—PosiTION OF DISCHARGE WITH LATERAL SLOPE EQUAL TO 17° 30’. 
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Fic. 48.—POSsITION OF DISCHARGE WITH LATERAL SLOPE EQUAL TO 21° 30’. 
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Fic. 44.—RELATION BETWEEN POSITIONS OF DISCHARGE OF CENTERS OF MASS OF 
VARIOUS CONSTITUENTS OF BED AND TRANSVERSE SLOPE. 
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whole. Maximum spread between coal and slate occurs with minimum 
slope. The flat efficiency curve explains the disagreement between this 
indication and that of the discharge curves of Fig. 38, showing that 
transverse slope may be varied over a considerable range without any 
serious change in results. From this it would seem safe to conclude 
further that with any given size of feed, transverse slope might well be 
fixed in table construction; certainly no expensive or intricate provisions 
for varying this adjustment are justified. 


w . 


451 __ i 
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Fig. 45.—R. 8S. I —LaTERAL SLOPE. 


GENERAL OBSERVATIONS ON TRANSVERSE SLOPE 


Table 19 shows that change in transverse slope through a range of 
more than 100 per cent. of a workable minimum (214 to 434 in. per 
ft.) produces only 214 in. travel of the discharge point of the center of 
mass parallel to the table axis and has the least effect on efficiency of 
any of the other adjustments tested. Figs. 39 to 48, inclusive, show that 
this adjustment has almost no effect on stratification. Taken together 
these facts mean that given sufficient fluidity to effect satisfactory 
stratification, a slope of 214 in. per ft. is nearly sufficient to produce 
proper flow down slope, while the riffing holds back the bed enough, 
even with 434-in. slope, to prevent bunching the discharge at the mechan- 
ism end to a great enough extent to destroy separation. 


Errect oF CHANGES IN ROCKER-ARM ANGLE 


In this series of tests the rocker-arm angle was varied from 9° to 2714° 
with the vertical, while the other variables were held constant as follows: 
air, 375 cu. ft. per min.; length of stroke, 14 in.; speed, 390 strokes per 
min.; longitudinal slope, 5g in. per ft.; transverse slope, 314 in. per ft. 
The feed rate was about 3400 g. per minute. 

The experimental results are tabulated in Tables 16 and 17 and the 
derived data in Table 18. 

The discharge curves in Fig. 46 show a wide difference in character of 
distribution of the material on the table deck. The optimum condition, 
judged from uniformity of distribution of the discharge, occurs at or near 
an angle of 22° 30’, and this is confirmed by Fig. 53. 

Fig. 47 indicates, by the position and direction of the coal curves, that 
coarse coal was on top. The crowding toward the mechanism end shows 
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TaBLE 16.—Specific-gravity Analyses of Table Discharges with Rocker-arms 
Set at Different Angles from the Vertical 
[For Explanation of Letters, see Table 1] 


Rocker-arm angle...... | 


| 13° 0’ 


17° 30’ | 


9° 0” 22° 30° =| 27° 30’ 
Weight of sample, g....| 1000 | 1000 | 1000 | 1000 | 1000 
Calculated percentage | | | 
of feed +1.5 sp. gr... 16.28 17.76 19.84 18.52 18.24 
Position of center of 
mass of discharge in 
inches from feed end. 2.95 4.32 8.02 10.24 13.38 
So S G S 
Qa Q Q Qa Q 
8 syne. a ince 4 es ay ee Bly 
= n| oO my 1 | ni) oO Al Oo n| Oo 
a | 3 S| 3 ze) 2 3| 3 i 2 
ad “aD a a a a 
E 2 |3| 2) 3l3 3 [sisi 2) ala 2 als} Fs 
a Oe eeie le) Sore le) Se ie ek |e |S) 3 
2 rete eee ie: Wee ees ls AE) OS 
a O ra ey ols a old 3 o |Z 1 eo |Z 3) 
g ks ee eS El ae le Ev i ee ee 
n D BY} ey | a fe}. a | ee te] Be | a Pe] Ai }e3| Aa | 
F ©| 576.4/89.4/0] 470.6/92.6)~ 197.7195.8|~ 113.1/96.3)~ 33.3 96.0 
Xi Si 2) 34.3 ®| 24.7 oi 25d 2 120 wi] 0.2) 
fe a ol le Se ea heal es a ee ee 
F + | 204.2/80.0/-4| 202.6)88.0)10| 163.1|94.0/o| 93.9)95.8'a| 28.8|96.2 
Xo Si 19 (=) 9 wo oO 
ie | 7 51.2 | > 27.5 {> 10,4 o \ 4.1 ik ted 
Fs |a|  48.2/64.3.9| 102.4/77.31e1| 168.9 91.7]a| 141.9/95.3.0| 72.096.5 
X3 Si x) 3.4 | 12.7 vt) 7.2 6] 3.8 rol ae 
Ss 2 le eC rae Se Oe <8.2[ 1.6) 
F | 7.5/36.8'q| 38.8/49.0'| 159.3/82.0 o| 194.5.93.0)o| 152.4/95.5 
X4 S1 =) 0.2 o | x @ | @ 
a St ai lg }s0.4 2 } a4.0 E 14.5} | > 7.2 
F | 0.9/20.9.4| 7.8/17.7|0| 99.4/60.0.0] 211.4/80.2)0| 297.093.8 
Xs Si =| + 1.4| 2) 19.6 wt] 25.6 ©} 10.4 
a o co = 
Se 3.4 34.9] | 46.6 Oi ele ee 
| iy | 0.2| 3.3la| 12.5/19.2)0] 56.9/43.6/0| 185.8|72.7 
Xe S1 © al 0.8 2 13.7 a 35.8 
Se No discharge 5.9 leo it ol. 6 oleae : 60.0) 2% Ba : 34 0} : 
F so far +} 0.7 6.1n| 3.1) 9.70) 42.7/42.3 
X1 Si a | | 0.2 a| 8.7 
ae | 10.7 28.8 =} 49.6) 
F 5.6|19.9 
Xs Si Discharge over end of table ieilige WB) 
S2 re PAA f 
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TasLe 17.—Sizing Analyses of Table Discharges with Rocker-arms Set at 
Different Angles from the Vertical 
[For Explanation of Letters, see Table 1] 


Rocker-arm 


angle ic... S210" 13ci0t 17° 30’ 22° 30’ | 27° 30’ 


| Weight of Sp. Gr.-Size Groups in Grams 


RS 3 = aS = 3 cS | Se = | ce 
ae) les x |S x | xX x iB - = 
Size Groups ug ee 3, a as Se ae + 3 ef = Se ile = =a 
SET SP S| SR | SRI SS ae | ek ecole ee eae 
| I | | | ! | | Dea | | aha 
F |328.2|224.0)24.2/184.0 246.1/40.5) 55.5116.2/26.0) 12.1/85.515.5) 0.2/18.015.1 
Xi S: | 29.7} 4.2} 0.4] 22.7) 1.7] 0.3 0.6] 1.0] 0.5] 0.3) 0.6) 0.1 0.1] 0.1 
Se | 16.3] 13.2} 4.8] 1.1] 6.5] 5.1] 1.4) 1.6] 3.4] 0.7| 1.4) 1.2 0.2| 1.0 
F |118.5| 78.5 115.0) 75.0/12.6] 64.0] 89.1|10.0] 25.0/63.9| 5.0| 1.0.20.8) 7.0 
Xe Si | 13.0 #5 (816.0 aS Bhs * | 0.4 * * 
So | 19.5| 7.5 5.0] 5.0 2.4, 1.6 p20. ed 0.3) 
F | 32.0! 15.7| 0.5] 66.3] 34.8] 1.3] 90.7] 73.2] 5.0] 69.7/69.8| 2.4] 7.8|58.4| 5.8 
X3 Si Bol Os 11.2} 1.4] 0.1) 6.2) 0.9] 0.1] 2.6) 1.0] 0.2} 0.3) 0.6 0.1 
So | 19.4, 3.4{ 0.5{ 10.2} 6.1] 1.1] 4.0] 2.9] 1.2] 0.7] 1.8] 0.7] 0.1) 0.7| 0.8 
F 3.6| 3.7| 0.2] 23.0| 15.0] 0.8|105.8| 51.5] 2.0|122.7|/70.0/ 1.8| 63.7|84.7| 4.0 
Xs Si 0.2 5.5 REL cas *7 0353 #1 P20 * 
S2 | 10.2] 2.2) 0.3] 21.0) 10.5 7.0| 8.0 2.0| 2.5) iets (lags 
F 0.7| 0.2) 4.2| 3.3] 0.3] 67-2) 31.3| 0.9|141.8|68.4| 1.21203.2/91.3] 2.5 
Xs Si f3|) Ost 18.0) 1.4) 0.2) 24.8) 0.8) 9.0] 1.2] 0.2 
Se 2.5] 0.8] 0.1| 25.5] 8.6) 0.8| 30.5) 14.8] 1.3| 16.8] 9.0) 1.2} 4.3] 3.7] 1.1 
F 0.2 7.0| 5.1) 0.4] 40.8]15.5| 0.6|130.2/54.2| 1.4 
Xo Si 0.4| 0.4 12.9] 0.7] 0.1] 33.8] 1.6] 0.4 
Se 4.0| 1.8] 0.1] 37.7| 12.6] 1.3] 42.9,16.0| 1.1] 24.5] 7.9) 1.6 
F 0.2| 0.5 1.7| 1.3] 0.1) 28.5/13.6] 0.6 
Xr Si | : 0.1) 0.1 8.2) 0.5] 
So 2 __|_ 7.6) 2.8] 0.3] 20.6] 7.5] 0.7] 37.2)11.0] 1.4 
1 2.5| 2.9] 0.2 
Xs St Discharge over end of table 0.7| 0.1 
Sz 13.9) 7.1] 0.7 


* These figures are calculated from graphs. 


TaBLE 18.—Calculations for R. S. I.; Rocker-arm Angle the Variable 


Rocker-arm angle. isis.si< se scdem olan clea eee | 9° 0’ 18° 0’ AAR SO) 22° 30’ 27° 30’ 
Total impurity in sample of 1000 g....... 162.8 | 177.6 | 198.4 | 185.2 | 182.4 
Impurity in ooal, g.....,, 0, cet oe el TOON eMG Omar ote ce ata 
Impurity in middling, g................. | 42.9| 46.9] 66.5| 62.3| 68.4 
Impurity in slate, g............ waves) 48.0, Tid) Yess 74nounonas 
Middling impurity allotted to coal, g...... 27.5 | 21.3 | 28.0| 24.4| 28.0 
Middling impurity allotted to slate, g. ale EBSA 656 88.8 | 87.9 | 40.4. 
Adjusted impurity in coal, g.............| 104.4| 80.6 | 83.6| 72.4| 74.7. 
Adjusted impurity in slate, g............| 88.4] 07.0] 114.8] 119.8 | 107.7 
ie er RR 35.8 | 54.6] 57.8| 60.9] 50.9 


a Ee ee eee eee 
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TasLe 19.—Hffect of Change in Transverse Slope on Range of Discharge 
Point and on Efficiency 


Change in Per- 
a P oe G ee oeubage pee 
‘i . ange in charge olnt o per in. ange 
Series Efficiency, Center of Mass, in Position of 
Per Cent. In. Discharge of Cen- 
ter of Mass 
Jalili oy Atle ARAN dea es arta aaa ke tea Oe 50 7% Ga 
lhenechqotstro een sce <2 oka aee 40 6 6.7 
Speed a seenetets nat ot Sk ohare Oa 43 104% 4.1 
Longitudinalsslope.s..asee.. 0.02 22 12 1.8 
PRANSVETSEISlOPEnssns secs soa uk cans 716 2 3.0 
Rocker-armyanglee selec... Ae 26 10 2.6 


that the inclination of the initial trajectory of the particles from the 
horizontal was insufficient to cause effective forward travel of the bed. 
Fig. 48 shows a much better condition with intermediate coal at the top 
of the bed. The coal and bone curves on this sheet are of a distinctly 
desirable nature, 7. e., with a gradual downward slope to the right, and the 
slate curves also are of distinctly improved shape as compared to those 


Cumulative Percentage of Discharge 


Percentage of Material in Sample with Sp.Gr<I-5 5 ( Coal ) ) 


land 
Oo 


Coal Side. Distance from Mechanism End, in. 


Fic. 46.—RATES AND ANALYSES OF TABLE DISCHARGES WITH DIFFERENT ROCKER-ARM 
ANGLES. 


in the preceding figure, although the slopes of the sides of these slate 
curves are not yet sufficiently steep to indicate optimum performance, 
and the fine-slate curve shows too much of this matter discharging in 
the first few inches from the mechanism end. Fig. 49 shows what 
appears to be a close approach to ideal conditions, the only objectionable 
feature being the relatively high quantity of slate discharged at and 
near the mechanism end. Fig. 50, which is for a rocker-arm angle that 
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corresponds to the maximum point in the efficiency curve (Fig. 53), 
shows less slate near the mechanism end than any of the preceding 
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Fic. 47.—PosiITIoN OF DISCHARGE WITH ROCKER-ARM ANGLE EQUAL TO 9° 0’. 
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Fic. 48.—PosITION OF DISCHARGE WITH ROCKER-ARM ANGLE EQUAL TO 138° 0’, 


figures, the slate and coal peaks are far enough apart to afford practical 
operating conditions, the bone is fairly central of the valley between the 
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Fig. 49.—PosITION OF DISCHARGE WITH ROCKER-ARM ANGLE EQUAL TO 17° 30’. 
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Fic. 50.—PosITION OF DISCHARGE WITH ROCKER-ARM ANGLE EQUAL TO 22° 30’. 
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peaks for coal and slate, and the slopes of the coal and slate peaks are 
reasonably steep. Fig. 51 shows the whole separation crowded too far 
toward the slate end. 

Fig. 52 shows an approximation to straight-line variation between the 
sine of twice the rocker-arm angle and the position of discharge of the 
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Fic. 52.—RELATION BETWEEN POSITION OF DISCHARGE OF CENTERS OF MASS OF 
VARIOUS CONSTITUENTS OF BED AND ROCKER-ARM ANGLE. 


center of mass of the various products along the table bed. The maxi- 
mum spread between mean coal and mean slate discharges comes near 
the point corresponding to a rocker-arm angle of 22° 30’, and the point 
of optimum operation thus placed corresponds to the point indicated by 
the other methods of estimation. 


03 04 0.5 0.6 07 0.8 09 
Sine of Twice the Rocker-Arm Angle (Sine 28) 


Fig. 53.—R. 8. I.—Rockrr-ArRM ANGLE. 


The sine of twice the rocker-arm angle was chosen as the scale of 
abscissas for the reason that this is one of the factors in the product 
determining the horizontal travel of a projectile. (See p 184). The 
substantial approximation of the curves to a straight line is ‘confirmation 


os arora 


ARTHUR F. TAGGART AND R. L. LECHMERE-OERTEL 203 


of the conclusion previously stated, ea! the travel along the deck is in 
accord with this law. 


GENERAL OBSERVATIONS ON RockER-ARM ANGLE 


This adjustment, together with those of speed and stroke length, 
determines the length of the trajectory of particles parallel to the deck 
axis, and the three are dependent determinants of the rate of forward 
travel of the bed. Longitudinal slope is an independent determinant of 
the same movement. But the three dependent adjustments also affect, 
together with the air supply, the stratification of the bed, which is not 
affected by transverse slope. Hence the order of adjustment should be, 
first, to effect a balance between air supply and the dependent three that 
will give proper stratification, bearing in mind that steep rocker-arm 
slope and high speed with relatively small air supply may produce the 
same result as their converse and more economically; then to distribute 


‘the discharge uniformly along the deck edge by variation in longi- 


tudinal slope. 


PHOTOGRAPHIC STUDY OF MOVEMENT OF PARTICLES ON TABLE DECK 


Fig. 54 shows a series of snapshots (1/100 sec. exposure) taken through 
the glass side of a modified table top. The modified arrangement 
comprised a new deck with the same nainsook base as before, but the 
rifles were removed and a 114-in. strip along the center of the table, 
parallel to the direction of shaking, was enclosed between parallel pieces 
of plate glass about 3 in. high, fastened to the deck frame so as to make 
a tight joint with the surface of the nainsook. A glass-sided, open-ended 
channel was thus formed. The rest of the table deck was covered with 
a fine-mesh punched plate to hold down the nainsook and also prevent 
excessive discharge of air through the parts of the deck unoccupied by 
a bed. With this arrangement it was possible to observe through the 
glass a longitudinal section on the bed under conditions which are, in 
so far as it is possible to judge, entirely similar to those existing on a 
table in regular operation. The upright hinged pin in the upper left-hand 
corner of the photographs oscillates freely between two stops on the 
mounting plate, which is attached to the glass wall of the observation 
compartment. The inertia of the pin tends to hold it stationary with 
respect to the earth, with the result that, since its support is moving, 
the inclination of the line joining its center with the center of support 
is a measure of the position of the support with respect to the central 
position of the pin. The pointer projecting down into the field near 
the center of the photographs is fixed in position on the frame. The 
white dot near the pointer is on the moving glass side. When the dot 
is at the left of the pointer the table deck is in some one of the series of 
positions assumed in passing from the center of the backward stroke to 
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Fig. 54.—PHOTOGRAPHIC STUDY OF MOVEMENT OF PARTICLES ON TABLE DECK. 


a, Deck is at back of stroke; b to i, inclusive, positions between a and a point 
slightly more than halfway on backward stroke. 


ARTHUR F. TAGGART AND R. L. LECHMERE-OERTEL 205 


Fic. 54.—(Continued). 
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Fia. 54.— (Continued). 
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the center of the forward stroke. The relative position of the table 
deck at the time any one of the series of photographs was taken can be 
read from the position of the inertia pointer and the relation of the fixed 
pointer and dot, and is indicated by the position of the radius in the 
circle drawn just below the photograph. Thus in Fig. 54a the position 
finders indicate that the deck was at the back end of the stroke, just 
starting forward. Figs. 54b to 7, inclusive, constitute a series showing 
a succession of positions between this and a point slightly more than 
halfway on the backward stroke. 

The series of photographs, all having been taken with the camera at 
rest, indicate by the sharpness of the images the velocities relative to 
the camera of the objects photographed; by the color, white quartz 
and black bituminous coal are to be distinguished; while by the direction 
of the axes of the blurred images, the lines of motion of the particles are 
shown. The direction of motion along these lines can only be inferred 
from the position data, so far as the authors are now able to interpret 
the photographs. 

Fig. 546 shows the main position of the bed substantially at rest; in 
c the lower stratum was in rapid motion to the right and upward, as 
indicated by the arrows which interpret the blurs, while the upper 
stratum was just beginning to move; in d the whole bed was in rapid 
motion, but the curvature of the blurs indicating the paths of the par- 
ticles, accented by the guide lines drawn on the photograph, shows 
persistence of the retardation of the upper layer which was commented 
on in discussing the preceding photograph. Tig. 54e indicates somewhat 
slower motion than was present when the preceding photograph was 
taken, and slightly greater compacting of the bed, both of which facts 
demonstrate that the mass was nearing a comparative rest position at 
the forward end of the stroke. In f the whole bed is in confusion at the 
point of reversal. Figs. 54g to 2, inclusive, indicate that a compara- 
tive rest condition obtained in all but the lowest stratum throughout 
the backstroke. 

In Fig. 54g the comparative sharpness of image of the lowest stratum 
indicates that these particles have already come to rest while those in 
the upper strata are yet moving forward. In 54h the table has progressed 
somewhat farther on its return path and the upper strata are more 
distinct than the corresponding strata in g or the lower stratum in h. 
Fig. 547 shows the lower stratum moving rapidly as compared to the 
upper, and this figure, although resembling c closely, shows the blurred 
lower stratum composed apparently of overturning or tumbling particles 
rather than of particles traveling in parallel lines like those in c. The 
interpretation of the appearance of Fig. 547 is that the lower stratum 
is being drawn backward under much more slowly traveling upper 
strata. 
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The left-hand margin of the photographs is, in all cases, the beginning . 
of the deck at the mechanism end. Fig. 546 shows that in about one- 
third the length of the photograph (about 1 in. actual distance) oe 
white quartz particles have become segregated at the bottom of the 


Fig, 55.—Errnct oF AIR QUANTITY ON STRATIFICATION WITH RESPECT TO SIZE. 
a, Insufficient air supply; b, excessive air supply. 


bed and that considerable size segregation of coal with intermediate 
and fine at the top has also taken place within the same distance. 
Comparison of Figs. 54a to d, inclusive, with Figs. 54f to h, inclusive, 
shows an apparently thicker bed in the last three. Closer inspection 
shows that the last three are less closely packed than the first four. 
These two facts taken together mean that the bed is temporarily unsup- 
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ported in the second group of photographs and that the particles are 
settling against the force of the rising air currents, while in the first 
group the bed is compacted by the rising deck underneath it. It is 
during the time that the particles are in this suspended and fluid con- 
dition that segregation and stratification occur. 

Fig. 55 shows the effect of air quantity on stratification with respect 
to size. With insufficient air supply (Fig. 55a) the coarse material 
collects at the top and the fine at the bottom of the bed. The other 
extreme is brought out by Fig. 55b. Here, because of a slightly excessive 
quantity of air, the finest material is in temporary suspension above the 
mass of the bed. The optimum condition lies between these two but 
distinctly toward that pictured in Fig. 550. 

The projectile-like motion of the particles parallel to the deck axis 
is well illustrated by Figs. 54c to f, inclusive. In c, as previously noted, 
the lower particles are moving to the right and upward. The angle 
that their direction makes with the horizontal is greater than that of 
the deck motion itself at this point (note the angle between the arrows 
indicating respectively the directions of deck and particle motions), which 
shows that the particles are out of contact with the deck and traveling 
in the direction of the impulse imparted earlier in the stroke while the 
rocker arms were inclined further from the vertical. In d the direction 
of the lowest stratum is still about the same asin c. The motion of the 
upper strata is more nearly vertical, due partly to a lag of these strata 
and partly to the greater effect on the lighter particles of the substantially 
vertical air currents. In e the direction of the lowest stratum is nearly 
horizontal—the top of the trajectory—and the horizontal component 
of motion of the upper part of the bed has increased. The blurs at the 
right in f are distinctly to the right and downward; these particles are 
on the downward leg of the trajectory and nearing the end of their flight. 

The sequence of motions thus read was confirmed by visual inspection, 
both of the bed that was photographed and of individual larger particles. 


SUMMARY 


From the foregoing experiments, the action of a crude coal undergoing 
separation on the deck of a pneumatic table may be summarized. 

As soon as the stream of feed comes into contact with the table deck 
it begins to move parallel to the axis under the influence of the shaking 
motion and the push of other material behind it. The motion of the 
deck exerts a force on the particles, the magnitude and direction of 
which are determined by the three adjustments,-length of stroke, 
number of strokes per minute and rocker-arm angle. The effect of the 
applied force is to throw the particles forward and upward out of contact 
with the deck surface, to which they quickly settle again. In settling 


210 ELEMENTS OF OPERATION OF THE PNEUMATIC TABLE 


they are opposed by a force due to the upward motion of air forced - 
through the porous deck covering. If the force of the air is insufficient 

to impede the fall effectively, the particles stratify according to difference 

in size alone; the large particles interlock and bridge as they begin to 

compact, leaving voids between them into which the smaller particles 

penetrate. After a few repetitions of this cycle a segregation is effected 

with the coarse particles at the top and the fine at the bottom of the 

mass, but in neither the fine nor the coarse stratum is there any effective 

segregation of particles of different specific gravities. 

If the rising current of air has sufficient velocity, the force that it 
exerts will be enough to cause a difference in settling rates of particles 
between particles of the same size and different specific gravities, the 
heavier, of course, settling the more rapidly. Then, after a few repeti- 
tions of the shaking cycle, the lowest stratum will be composed principally 
of coarse slate; above and in contact with this, a layer of coarse bone, 
and above this, in turn a layer of coarse coal. With the correct quantity 
of air and a feed sized within proper limits, the finer coal will be unable 
to penetrate the bed of coarse particles to any sensible extent, and will 
form a layer on top; fine bone and slate will, on the other hand, penetrate 
the bone into and toward the bottom of the coarse coal layer and down 
into the upper part of the coarse bone layer, the slate to the bottom of 
the coarse bone and down a certain distance into the coarse slate. 

It is possible to consider stratification from another viewpoint, v7z.: 
that suspension of the solids in the rising air current forms a mixture of 
air and solids that has the effect of a heavy fluid, similar to that used in 
the Chance process, in which the heavy slate sinks but on which the 
light coal floats. This is, however, so far as our present knowledge 
goes, pure hypothesis, since we have no independent evidence for this 
particular fluid property of the bed mixture. 

Shape, unfortunately, is a factor in stratification. Coal, for the 
most part, breaks into roughly cubical lumps; slate and bone are normally 
decidedly flaky. Thus a flat piece of the heavier material of a given 
weight may present a greater surface to the rising air than a piece of coal 
of the same weight and be correspondingly retarded in its fall. This 
relative retardation increases as the flakiness becomes more pronounced, 
with the result that considerable impurity of this flaky variety is invari- 
ably found in the coal strata and, consequently, in the cleaned coal. 

By the time that stratification is complete the particular batch of 
crude coal under consideration will have progressed a short distance 
away from the feed point and its components will then be subject to the 
forces that will determine the position of their discharge along the deck 
periphery. ‘These forces may be classified into two groups, acting sub- 
stantially at right angles to each other, one group parallel to the axis of 
the table, the other transversely to this axis in the plane of the deck. 
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The first group consists of two forces: (1) the propulsive force of the 
deck motion, previously analyzed, and (2) a component of the force of 
gravity parallel to the deck surface, due to the longitudinal slope of the 
deck and directed, usually, toward the mechanism (feed) end of the 
deck, therefore opposing the other force of the group. 

The other group consists likewise of two forces: (1) a component of 
the force of gravity, directed toward the coal-discharge side of the deck 
and due to the transverse slope, and (2) a component of the supporting 
force of the riffle cleats opposing the first member of the group. 

If the air supply and deck motion are properly adjusted to effect 
stratification, the bed is sufficiently fluid and mobile to flow down the 
transverse slope readily. But transverse flow of the lower strata is 
positively prevented by the riffle cleats so that the strata lying below the 
tops of these cleats are constrained to a resultant path parallel to the 
axis of the table, if the propulsive force of the deck motion is sufficient to 
force the bed up the longitudinal slope. The upper strata, not being con- 
strained, follow a diagonal path that is the resultant of the resultant 
longitudinal force and the transverse component of gravity, and reach 
the discharge edge at a point that depends upon the relative magnitudes 
of these two forces, 2. e., upon the steepness of the transverse and longi- 
tudinal slopes and upon the shaking-motion adjustment. As the bedded 
material in the riffle grooves moves forward, the vertical taper of the 
riffle cleats removes the transverse support from successively lower 
strata and these, in turn, follow their diagonal path toward the discharge 
edge, but starting this diagonal as they do after they have been con- 
strained to travel some distance toward the slate end, their point of dis- 
charge is nearer the slate end than that of the original top strata. By 
suitable splitters arranged along the discharge periphery actual physical 
separation into the grades originally segregated vertically in the bed 
on the table may be effected. 

It will be noted the air supply was not included in the foregoing dis- 
cussion as one of the adjustments that influenced the direction of travel 
on the table deck. The omission was due to the fact that the air does 
not, except accidentally, exert a force having a component in the plane of 
the deck. But in its effect on fluidity of the bed the air supply has an 
enormous effect on the position of discharge, particularly of the upper 
(coal) layers of the bed. Air supply is, as a matter of fact, the most 
potent adjustment in the operation of a pneumatic table and should 
be made readily and accurately controllable, where this is not already the 
case. It should, however, be impressed on operators that any increase 
in air supply above that necessary to effect proper stratification is to 
gain the desired fluidity in the most expensive way, since the same 
effect can usually be obtained by increasing the number of mechanical 
impulses per unit of time and directing them more nearly vertically 
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upward, in other words, by increasing the number of strokes per minute 
(decreasing stroke length, if necessary) and increasing the angularity of 
the rocker arms. The experiments set forth in this paper, although 
performed on a finer feed than normally prevails in practice, indicate that 
higher table speeds, shorter strokes, and greater rocker-arm angularity 
than are used in any of the plants visited by the writers, would well 
repay trial in some, if not all, of the plants visited. 

Pneumatic-table practice has suffered, ever since its inception, from 
the effects of the assumption that the action on the table deck is the same 
as or closely similar to that on the deck of wet shaking tables. But the 
two operations differ in several essential particulars. In the first place 
the size stratification on a wet table is, in so far as the lighter material 
is concerned, exactly the reverse of that on a pneumatic table, while 
there is no size segregation of the heavy material. There is some strati- 
fication according to the specific gravities of the feed constituents but, 
owing to the size stratification of the light material, fine light material 
is intermingled with the fine and coarse heavy material at the bottom 
of the bed. These facts are due to the almost complete lack of a rising 
current of fluid in the bed and to the further fact that the motion of the 
deck is in or almost in the plane of the deck. 

In the second place, transverse travel on a wet table is due almost 
entirely to the force exerted by the flow of feed and wash water trans- 
versely. This force is subject to ready control through a wide range, both 
by adjustment of the quantity of water and by the transverse slope, and 
it is a force whose magnitude is greater than any of the directional 
forces on a pneumatic table. Hence transverse tilt and wash-water 
supply are the adjustments most used in wet-table operation, and the 
practice has been carried over, in so far as is possible, to the pneumatic 
plants, in the form of an adjustment of transverse tilt. But Fig. 44, 
compared with the corresponding summaries of the effects of the other 
adjustments, shows that this adjustment is the least potent of all in its 
effect both on the direction of flow and the efficiency of operation. 

Cross-water is depended upon, by reason of its sizing action,! to 
overcome the lack of definite stratification in the bed, and complete 
the separation after the material has emerged from the riffles onto the 
plane section of the deck. There is no such supplementary concentrating 
action available on the pneumatic table. 

These are the principal points of difference between the two tables 
but they are sufficient to demand of the pneumatic-table operator coma 
plete divorce from wet-table practice, if he would hope for the best, or 
even for satisfactory operation of his dry tables. 


1 A. F. Taggart: Handbook of Ore Dressing. New York, 1927. John Wiley & 
Sons. 
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DISCUSSION 


E. O’Toouz, Gary, W. Va. (written discussion).—This paper is indeed worthy 
of commendation. Its 60 pages of concentrated data—descriptive, tabular, graphic 
and photographic—undoubtedly represent many long hours of serious painstaking 
effort along lines of research which are of no little importance today and are ever 
becoming more important with the steady increase in the commercial treatment of 
coal by the pneumatic process. 

The prime worth of this paper, however, lies in the method of portraying and 
analyzing the results of the individual tests rather than in the numerical values of the 
findings. The authors have shown an accurate analysis of the problem confronting 
them and have in all cases attacked its solution in a thorough and logical manner. 
Among other items their Relative Separation Index particularly appeals to me. If 
not original with them, it is at least new to me, and offers a convenient means of 
equalizing the results of tests conducted under differing conditions of product propor- 
tioning, with or without recirculating middlings, and should prove a handy tool for 
others working along the same lines. My customary procedure in such work has been 
to make the product cuts conform as nearly as possible by visual inspection with the 
desired specific gravity of separation and then to compute both qualitative and quan- 
titative efficiencies. The product of these two is then considered as the general 
efficiency, which thereby properly penalizes whichever phase of the separation has been 
favored by the possibly incorrect product proportioning and correspondingly rewards 
the opposite phase to which the cutting has been disadvantageous. Thus errors in 
setting the cutting fingers are practically eliminated in the computation of the effi- 
ciencies. When, however, actual complete weights of products are used in compiling 
results of such tests, the cleaned coal and refuse matter remaining upon the deck at the 
completion of the test run, as well as any unreturned middlings, must be deducted 
from the crude feed or distributed in some more or less arbitrary manner between the 
clean coal and refuse, in order to obtain test result figures which are truly representa- 
tive. In general, I should say that the R. 8. I. used by the authors of this paper will 
serve practically the same purpose as this general efficiency computation, with con- 
siderably less labor involved. 

It is unfortunate, however, that these tests were not performed on a standard 
commercial unit, or at least on a model more nearly approaching it, as in that event 
the resultant findings might have been more nearly applicable to practical operation. 
From the authors’ description, the deck used by them resembles the older types used 
for treating seeds, nuts, cereals, etc., more nearly than it does the modern coal-treating 
units—and the distance between the two is considerable! Although the pneumatic 
process was successfully applied to the treatment of coal in 1921, practical commercial 
operation on an economic basis really dates from the first use of the so-called Y-deck 
in 1925. 

There have been, in fact, but three noteworthy developments in the art of pneumatic 
separation during the past eight years. The first of these was the introduction of a 
direct obstruction in the path of the refuse in order to form a ‘‘banking zone.”” This 
made possible the carrying of a heavier bed on the deck without clean coal being 
mechanically carried over with the refuse. This in turn made possible tonnages 
sufficiently high for economical commercial operation and at the same time increased 
separating efficiency by providing deeper and better stratification. The decks used 
at this stage still conformed closely to the original types, however, and were restricted 
to a narrow size range, 2/1 being considered the maximum ratio under average 
operating conditions. 

This disadvantage was eventually overcome by the evolution of the V and Y-type | 
decks, capable of treating far greater size ranges without a corresponding drop in 
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efficiency. In this type of deck the width decreases as the volume of the bed is 
diminished by discharging of the clean coal, thus keeping the depth of the bed more 
nearly uniform and enabling a reasonable thickness of bed to be maintained almost 
to the extreme end without necessitating an excessive depth at the feed point. The 
increased length in proportion to the width also produces a zoning action over various 
portions of the deck surface, independent of the normal stratifying action. This 
fact enables this type of deck to treat efficiently far wider ranges of sizes than are 
theoretically possible in accordance with Rittinger’s formula or any other accepted 
computation. Incidentally, this type of deck is not a plane surface but is warped, 
providing a variation in transverse slopes corresponding to the differences in quality 
of the materials handled on the different portions of the deck area. 

This zoning action has been made more sensitive by the introduction of means for 
readily controlling the air supply to the different portions of thedeck. Thisis the third 
great forward step in the pneumatic cleaning of coal, and is in no small degree respon- 
sible for the high efficiency and large-range treatment now possible. 

It will be readily seen, however, that the several variable factors governing the 
adjustment of such a unit will not correspond closely with those applicable to a small- 
scale, old-style deck such as was used by the authors of the paper under discussion. 
Mr. Lechmere-Oertel is undoubtedly familiar with the laboratory model ‘‘Half Y” 
unit in the Coal Treatment Laboratory of Birmingham University. This unit is 
only half-size and does not incorporate the latest developments and improvements, and 
although A. N. Harrison Slade has performed many valuable and interesting experi- 
ments upon it, his results do not coincide exactly with actual commercial operating 
plants in which the standard units are employed. Similar experiments are being 
conducted by the Fuel Research Board at Greenwich. 

The separators with which I am most familiar are those of the American Coal 
Cleaning Corpn., and most of my premises are necessarily based upon my experience 
with that equipment. A considerable amount of experiment and research has been 
conducted at Dallas, Texas, by Messrs. Sutton, Steele & Steele; at Welch, West 
Virginia, and Ohio State University by the American Coal Cleaning Corpn.; and at 
Birtley, County Durham, England, by the Birtley Iron Co. In addition, many more 
trials and tests have been performed in the two score or more commercial plants now 
utilizing this type of equipment. Iam so fortunate as to have access to the reports of 
these tests. 

The normal adjustment of the American separator is based largely on the results 
of these experiments and an effort has been made to reduce the number of variables to a 
minimum, Thus the length of stroke has been fixed for all units. Riffle height and 
spacing as well as deck covering are standardized for the different size ranges in the 
construction of the deck, which also incorporates fixed transverse slopes suitable for 
cleaning smaller sizes of coal. For treating the larger sizes, these transverse slopes 
are made adjustable by means of a central elevating arrangement. Longitudinal 
slope, reciprocating speed and air supply, both as to total volume and distribution, 
are adjustable within the limits found necessary to cover the ordinary ranges of opera- 
tion. The toggle-arm angle is also readily adjustable in the standard machines but it 
has rarely been found advantageous to alter it from the 60° slope at which it is set 
in the shop for all standard machines. 

In Table 20 are listed the adjustments recorded for the six tests covered by this 
paper, comparing them with the standard adjustments of the American type Y-54-120 
machine, treating 14 by 0-in. coal of average character. 

Ihave noted with an asterisk the variable factor in each of the tests run and assume 
from the summary of the paper that test 6 should represent the ideal adjustment. 
The variation between this and the standard commercial unit is remarkable. For 
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instance, with an air supply per square foot of deck surface equal to approximately 
one-half that furnished the test machine, a capacity was obtained equal to five times 
that of the test unit. At the same time the actual speed of travel of the deck was 
approximately two-thirds that of the test unit. Roughly assuming the power con- 
sumption to be directly proportional to the speed of travel and to the air supply per 
unit weight of feed, the power consumption of the test machine per unit of capacity 
is found to be some 1214 times as great as for the commercial machine. 

This wide variation is not due solely either to the differences in design or to the 
small size of the laboratory machine, but at least in part to the fact that practically 
none of these variables is truly dependent. Practical operation has demonstrated 
that within reasonable limits the effect of almost any of these variable factors can be 
overcome by corresponding or inverse changes of other variables. This might seem 
to indicate the possibility of further reducing the number of these variables, but it 
must be borne in mind that for each of these omitted, the adjustment of all those 
remaining is made proportionately sensitive. Referring to the table, however, it 
will be noted that the ideal air supply was determined during a run in which both 
the stroke frequency and the toggle or rocker-arm angle were improperly set as 
compared with the final determination. Similarly the stroke length was determined 
when air supply, stroke frequency and toggle angle were wrong, and this latter factor 
was also incorrect when the proper frequency was determined as well as the two slope 
angles which are judged by the authors to be relatively constant. It is possible that 
these departures from the supposed ideal in making these various determinations 
entered in a considerable degree into the numerical results. 

Incidentally, it might be well to point out that the slope angles stated for the Y- 
deck are not true for the entire deck, the surface of which is warped. Thus the longi- 
tudinal slope of 2° 30’ represents an end elevation of approximately 2.75° in addition 
to the built-in slopes, which is about the average condition for this size of coal and 
produces the indicated angle along the center rib of the deck. This same angle 
will not be shown in any other longitudinal section. Similarly the 4° 45’ of transverse 
slope represents the slope of a section taken at the ‘“‘throat”’ of the Y. On any section 
between this and the feed end this angle would be less, while conversely it is increased 
on all sections between the throat and the refuse end. 

Experiments with which I am familiar, covering variations in height, spacing and 
taper of riffles as well as various step, terrace and undulating arrangements of the 
rifles, have demonstrated that these factors play a rather prominent part in deter- 
mining the separating efficiency of pneumatic separators. Changes in deck covering 
have also a noticeable effect, although not so extensive as that caused by riffle changes. 

Distribution of air volumes over various sections of the deck area constitutes an 
extremely important factor in pneumatic separation and offers a field for extremely 
valuable and instructive research, and it is to be hoped that in the not too distant 
future some one will approach this problem in as intelligent and logical a manner as 
Messrs. Taggart and Lechmere-Oertel have displayed in the presentation of this 
paper. Furthermore, they have, perhaps unintentionally, made clear a point which 
is frequently misunderstood in connection with pneumatic separation; they have 
demonstrated that it is practically a flotation process in which the stratification is 
governed primarily by the laws governing hindered settling of solid particles in a 
ee as contrasted with the frequently expressed opinion that the pneumatic process 

blows the clean coal off the table but has not sufficient force to blow the refuse 
over the riffles.” This, of course, is far from the true condition and certain portions 
of these tests clearly demonstrate this. 
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Chemical Reactions in Flotation 


By Artuur F, Taaeart,* T. C. Taytort anp A. F. Knoun,t New York, N. Y. 
(New York Meeting, February, 1930) 


SoME years ago, A. M. Gaudin and one of the authors published a 
paper showing removal of tar acids from solution by sulfides preferen- 
tially as compared to gangues (specifically by galena as compared 
to quartz).! : 

The underlying phenomenon was classed as adsorption, and the 
paper went on to develop the general thesis that so far as water-soluble 
frothing and collecting agents in flotation are concerned, the phenomenon 
of adsorption is one of controlling importance. 

Adsorption was defined in that paper as ‘‘a process of rearrangement 
of a system, which results in establishing a difference in concentration, 
as between the interfacial layers and the bulk of the phases, of a substance 
or substances initially uniformly dispersed in one or several of the phases.”’ 

The paper went on to develop the relation between adsorption and 
surface energy according to Gibbs’ equation (which may be thrown into 
the form U/c = KdT/dc, where U = excess concentration in surface 
layer, c = concentration, 7 = surface tension, and K is a constant), 
and pointed out that, according to this equation, degree of adsorption 
and change in surface tension vary directly. 

The present paper offers a somewhat different definition for the term 
adsorption; and sets up, in sweeping terms, the generalization that 
simple chemical reaction underlies the functioning of the flotation 
reagents which control mineral collection, when these reagents are 
soluble in and act from solution in the water of the pulp. 


ADSORPTION 


According to the modified definition, adsorption means concentration 
at an interface between different phases in a heterogeneous system (thus 
far the definition runs as before), by the action of some mechanism, of 
which nothing is properly implied in the word, and concerning which 
the user of the word is probably in entire ignorance. Thus defined, 


* Professor of Ore Dressing, School of Mines, Columbia University. 
+ Associate Professor of Organic Chemistry, Columbia University. 
t Research Assistant in Ore Dressing and Chemistry, Columbia University. 
1A. F. Taggart and A. M. Gaudin: Surface Tension and Adsorption Phenomena in 
Flotation. Trans. A. I. M. E. (1922) 68, 479. 
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adsorption makes sense in probably upwards of 99 per cent. of the places 
in which it is used in flotation literature. 

In the present paper, when the word adsorption stands alone, it 
is to be read as carrying the meaning of the preceding paragraph. 

Experimental work in recent years on the mechanism of the action 
of flotation reagents in solution leads toward the conclusion that, so 
far as concentration of those reagents that directly determine collecting 
is concerned, the mechanism is invariably one of chemical reaction 
between the reagent and one of the constituents of the ore. When the 
process is frothing, as distinguished from collection, concentration of the 
reagent at air-water interfaces may not, so far as our present knowledge 
goes, be ascribed to chemical reaction in the ordinary sense; and we are 
forced to fall back, for our statement of mechanism, on the more general 
basis stated by Gibbs, wz.: a reduction in the potential energy, 
specifically the surface energy, of the system. If this is done with a 
clear realization of the incompleteness of the picture, there is no harm 
in it. 

FRoTHING AGENTS 


It is possible, however, to get a more graphic, though probably no 
more fundamental picture of the mechanism involved in the action 
of frothing agents, by considering the distribution of their molecules 
from the point of view of solubility—more properly, relative solubilities— 
in the adjacent phases. This is a viewpoint that traces back to Lang- 
muir’s articles on the constitution of matter ? and is developed in full 
in a recent article by Taggart, Taylor and Ince.* According to this 
conception, a frothing agent is a substance, ordinarily organic, whose 
molecule may be considered to consist of a water-soluble and a water- 
insoluble part. Such a molecule is in the position, for it, of maximum 
stability, when it lies at the interface between air and water, with its 
water-soluble end toward the water and the other end toward the air. 
The substance is usually said to be adsorbed at the air-water interface. 
A form of statement that pretends less and gives more information is 
that the substance is concentrated at the air-water interface because 
of the solubility relations of its molecule to the liquid and gaseous 
phases respectively. 


CoLLecTING AGENTS 
The principal thesis of the present paper is an extension of the con- 


clusion announced in the Taggart, Taylor and Ince paper in the following 
words: “‘ . . . analysis proves marked removal of collecting agent by the 


? Jnl. Amer. Chem. Soe. (1917) 39, 1848. 
3 See page 285. 
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sulfide, and suitable experiment further proves that the material taken 
out is either the collecting agent as such or in an analogous chemical form 
readily transformed back to the original compound, or to one closely 
allied thereto.”” The extended hypothesis is: 

All dissolved reagents which, in flotation pulps, either by action on the 
to-be-floated or on the not-to-be-floated particles affect their floatability, 
function by reason of chemical reactions of well recognized types between 
the reagent and the particle affected. 

It is intended to embrace within this generalization collecting agents, 
depressing agents and activating agents, organic and inorganic, subject 
only to the one limitation that they first dissolve in the water of the pulp; 
and to exclude frothing agents, agents that react with substances dis- 
solved in the pulp water (protective agents), and agents of whatever 
kind not in solution. It is not meant by this exclusion to imply that 
chemical reaction has no part in the functioning of these latter types of 
substances. Nor the contrary. The exclusion is imposed solely for the 
purpose of narrowing the discussion to the extent indicated. 

No claim is made that the hypothesis set forth is substantiated 
exhaustively. But this much can be said: There is a considerable 
amount of reliable evidence for such a conclusion; there is no evidence 
of similarly conclusive character against, within the knowledge of 
the authors. 

The idea of chemical reaction in flotation is not new. DeBavay‘* 
suggested that the alkaline carbonates and bicarbonates, which he 
recommended for use with oils in floating sphalerite, removed carbonates 
and other impurities from the sphalerite surfaces. The commonly 
presented explanation for the effectiveness of sulfuric acid in the 10 
years 1913-1923, when acid was widely used, was that it dissolved oxide 
coatings from the sulfides. Solution in both of these cases implies 
chemical reaction. 

Perkins’ suggested that the action of the organic collecting agents, 
such as thiocarbanilid, diazo-amino-benzene, thiocresols, xanthates, 
and the like, was in part chemical. 

The early all-aqueous differential-flotation patents® aimed to effect, 
by digestion in strong aqueous solutions, chemical surface changes 
similar to those effected by the fractional-roasting processes.’ How thor- 
oughly the surfaces were changed is shown in Fig. 1. 

But when some of these same investigators found that very dilute 
solutions of inorganic substances had somewhat the same effects on the 


4De Bavay: U.S. Patent 864597 (1904). 

5 Perkins: U. S. Patent 1364304 (1919). 

6 Ramage, 967671; Wentworth, 970002 and 980035; MacGregor, 972459; 
Horwood, 1020353; Greenway and Lowry, 1102738; and Lavers, 1142821. 

7 Wentworth, 938732; Ramage, 949002. 
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floatability of certain sulfides as the strong solutions had, they apparently 
dropped the chemical-action idea, for the reason that there were, with 
the dilute solutions, no readily visible surface changes on the 
minerals affected. 

The idea of chemical action in the dilute solutions of modern flotation 
appears in Stevens patent,’ for the use of alkali cyanide in the proportions 
of about one part reagent in 1000 of water. Stevens says that the pur- 
pose of the cyanide is to dissolve certain sulfides, which, of course, means 
chemical action. 


(a) (b) 
Fic. 1.—GALENaA (a) AND SPHALERITE (b), DIGESTED 10 MIN, AT NORMAL TEMPERA- 
TURE IN 0.075 PER CENT. SODIUM DICHROMATE SOLUTION. X 185. 


None of these various investigators, however, presented any experi- 
mental data to confirm his speculation. 

Gates and Jacobsen’ seem to have been the first to publish evidence 
of chemical reaction between reagent and mineral particle under modern 
flotation conditions. They worked with sphalerite in copper sulfate 
solution; and concluded that copper replaces zine according to 
the reaction: 

CuSO, + ZnS = ZnSO, + CuS ; 

Fahrenwald,'® in a paper amazing in its scope and originality, had 
already investigated the interaction of copper sulfate on sphalerite 
(and other sulfides), using changes in hydrogen-ion concentration as 
indications of interaction, but he unfortunately failed to recognize the 


true significance of his data and attributed the observed changes in pH 
to adsorption of ions. 


§U. 8. Patent 1429544, applied for 1920. 
® Bull. 16, Utah Eng. Expt. Sta. (1925). 
10 A. W. Fahrenwald: Trans. A. I. M. E. (1924) 70, 647. 
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McLachlan™ reported tests in which quartz, sphalerite, galena, 
pyrite and pyrrhotite were treated in copper sulfate solution and the 
residual solution tested for abstraction of copper. Abstraction was 
shown by all of the sulfides, none by the quartz. The hypothesis was put 
forth, based on work by Watanabe? and Emmons," that CuS was 
formed on the surface of the sphalerite. It is interesting to note that 
when chalcopyrite was treated, the residual solution was enriched in 
copper. 

Tucker and Head'* and Tucker, Gates and Head" investigated the 
visible effects of lime, sodium cyanide and a sodium cyanide-zine sulfate 
mixture on the surfaces of various sulfides. They found that there were 
changes in the sulfide surfaces which were visible under the microscope 
at relatively low magnifications. These changes, in every case, were 
greatest on the pyrite and least on the galena. Taggart'® and Taggart, 
Taylor and Ince” were unable to reproduce the Tucker and Head results. 
Tucker, Gates and Head report qualitative microchemical tests on mate- 
rial removed from sulfide surfaces coated in the lime-cyanide solution 
which show definite reactions for iron and lime. The coating from the 
particle treated with cyanide alone gave a test for ferric iron. These 
authors suggest that the coatings found when lime is present are calcium 
carbonate, formed by reaction with carbon dioxide from the air and 
precipitated preferentially on nuclei formed, in the case of the pyrite 
at least, by chemical attack on the pyrite by cyanide. 

Using the ingenious miniature flotation cell devised by Gates and 
Jacobsen,’ Gaudin, Glover, Hansen and Orr,!’ Gaudin and Sorensen,”? 
and Gaudin and Martin®! performed a large number of flotation tests 
on deslimed pure minerals, both sulfides and non-metallics, with a large 
variety of organic and inorganic reagents in various combinations. In 
the papers cited and also in two other papers”? the results of these tests 
are discussed and a variety of hypotheses are set forth, some postulating 
double-decomposition chemical reaction, others ‘‘adsorption”’ in contra- 
distinction to chemical reaction, yet others ‘‘adsorption”’ followed by 


11 Can. Inst. of Min. and Met. (1926) 19, 987. 

2 Heon. Geol. (1924) 19, 497. 

13 Hmmons: U.S. Geol. Survey, Bull. 625, 140. 

14 Trans. A. I. M. E. (1926) 73, 354. 

16 Tdem, 372. 

16 A. F. Taggart: Handbook of Ore Dressing, 871. New York, 1927. John 
Wiley & Sons. 

W Ante. 

18 Ante. 

19 Tech. Paper 1, Utah Eng. Expt. Sta. (1928). 

20 Tech. Paper 4, Utah Eng. Expt. Sta. (1928). 

21 Tech. Paper 5, Utah Eng. Expt. Sta. (1928). 

22 Flotation Practice, A. I. M. E., (1928) 50. Eng. & Min. Jnl. (1927) 124, 1045. 
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chemical reaction. Unfortunately, all of these hypotheses are the 
result of deduction from the flotation tests, with no direct investigation 
of the phenomena postulated, and the papers present, therefore, no 
experimental support for the hypothesis of the present paper.” 

Taylor and Bull?4 and Bull®* did further work along the lines of that 
done by the Utah investigators, directed particularly to the effect of 
cations. They paralleled their flotation tests with measurements of the 
electrostatic potential of galena particles in various salt solutions, and 
came to the conclusion that depression of. minerals by inorganic salts is 
due to “adsorption” of the cations of the salt at the mineral surfaces, re- 
sulting in a concentration of charges of like sign on the mineral particles, 
as a result of which charging the particles repel each other and hence, 
after one particle gets on a bubble, others are prevented from boarding 
the same bubble. But this theory is built up on the basis of the old and 
entirely erroneous coursing-bubble theory of mechanism in agitation-froth 
flotation, and must fall, in its present form, with the explosion of 
that theory.”® 

Luyken and Bierbrauer?’ investigated the flotation of apatite by sodium 
palmitate and the reason therefor. They proved, by the Fahrenwald 
method,?® that apatite removes sodium palmitate from an aqueous 
solution, and they postulated that the removal was due to a reaction 
between the calcium ions of the apatite and the anion of the soap 
to form relatively insoluble calcium palmitate at the apatite-particle 
surfaces. On account of analytical difficulties they were unable to check 
this assumption directly, but they did prove abstraction of sodium 
palmitate from solution by galena, and on digestion of the coated galena 
with sulfuric acid recovered palmitate ion far in excess of sodium ion, 


28 Occasion is regretfully taken here to protest against a form of proof which appears 
in the work under discussion. At page 12 of the Gaudin and Martin paper (footnote 
21), a postulate as to the action of fatty acids on a mixture of calcite and malachite 
is properly introduced with the words: 

““A possible explanation for the failure of the fatty acids to act selectively in favor 
of malachite is as follows: ... ” 

At page 36, under the caption “Summary,” this same postulate has attained 
undue and undeserved importance, thus: 

“3. The failure of the fatty acids and fatty acid soaps, in the flotation of malachite 
and azurite from calcite, has been shown tobedue ... ” (Italics not in the original.) 

The material following the quotations is the same at both pages. There is no 
further evidence on the subject under discussion recorded on the intervening pages. 

24 Jnl. Phys. Chem. (1929) 38, 641. 

*% Idem, 656. 

*6 See Taggart: Eng. & Min. Jnl. (1923) 115, 113; (1924) 117, 104 and Handbook 
of Ore Dressing, 797. 

*T Mutt. WKaiser-Wilhelm-Inst. fiir Eisenforschung (1929) 119, 87; Ztsch. tech. 
phys. (1929) No. 4, 139. 

28 Ante. 
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and concluded therefrom that the sodium palmitate was not removed by 
the galena as such and, therefore, that there must have been reaction, 
resulting in the production of lead palmitate. 

These investigators then went on to formulate the further fy pothesis 
that a collecting agent is effective when the compound that it forms with 
the particle to be floated is less soluble than the unchanged surface of the 
same particle, and not otherwise. Their experimental evidence for this 
hypothesis is not convincing, although the hypothesis itself is. 


ACTION OF COLLECTING AGENTS 


The hypothesis of flotation mechanism set up at page 5 of the present 
paper, in support of which evidence is herein adduced, may be expanded 
in detail as follows: 

1. The operation of bringing any particle into a condition to float in a 
froth-flotation operation involves the production at the surface of the 
particle of a water-repellent coating.” 

2. Conversely, the operation of depressing any particle involves 
the maintenance at or production at its surface of a water-avid coating.*° 

3. Production of water-repellent and water-avid surfaces by means 
of dissolved substances is effected by simple chemical reaction between 
the reagent and the material of the surface affected. 

4. The surface changes are generally of slight extent. 

5. When positive collection is the end sought and gained, the surface 
coating is organic and oriented. 

6. Depression may be effected by an oriented or unoriented surface 
coating, organic or inorganic, or by rendering the particle surface so 
soluble that no continuing surface is maintained. 


2'The term water-repellent, as used here, connotes air avidity and indicates 
something different from insolubility. That is to say: By a water-repellent surface 
is meant one at which water is readily replaced by air, when air and water are brought 
simultaneously into contact with it. Solubility in water is sometimes loosely defined, 
from one point of view, as a preference of the molecules of the substance to surround 
themselves by water rather than by air. Under such a loose definition, water-repel- 
lency and insolubility might be thought to be similar or the same property, in which 
case an attempt might be made to substitute above the word insoluble for water-repel- 
lent. But closer examination of the phenomenon of solution shows that it involves 
surrounding the molecules (or atoms or ions) of the solute by the molecules of the sol- 
vent in preference to the molecules (or atoms or ions). of the solute itself and that the 
question of preferential contact by the solute with the solvent or with air is in no 
way involved. 

30 The term water-avid is the converse of water-repellent, but includes the idea of 
solubility. That is to say: While it is readily conceivable that a water-insoluble 
surface might be water-avid, it is inconceivable that a water-soluble surface should 
be water-repellent. 
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SoLuBitiry AND CuemicaL INTERACTION OF MINERALS 


The slow rate at which the idea of chemical reaction as the ground- 
work of flotation phenomena has spread, and the paucity of even present- 
day knowledge of the details of the reactions involved is probably due 
to the fact that flotation investigators have been largely ignorant of 
chemical literature, and chemists of flotation performances. In the 
early days of flotation, oils were oils: generally neutral inflammable 
liquids immiscible with water, if the flotation man looked them up in the 
dictionary; of a variety of physical, technical, chemical and commercial 
classifications, if he looked a little further; and of bewildering and 
unplumbed complexity, if he approached them from a purely chemical 
standpoint. To the chemist seeking light on their behavior in flotation, 
they exhibited wholly unpredictable and ungeneralizable preferential 
affinity for metalliferous mineral over gangue, some frothed and some did 
not, some collected and some did not, some were useful and others were 
not, some worked with one ore and not with others, and some worked 
some days on one ore and not on other days on the same ore. 

Gradually, however, flotation practice evolved a classification of 
oils into frothers and collectors, and the independence of the frothing 
and collecting elements of the flotation process was recognized. Follow- 
ing this recognition, it was discovered that the collecting element could 
be supplied by definite chemical individuals which dissolved in the 
water of the pulp. Since an oil coating on the mineral was a known 
prerequisite to the flotation thereof when oil was used, a similar coating 
was postulated for the soluble collector and the word adsorption was 
offered to explain the mechanism involved in producing the postulated 
coating. Taggart and Gaudin*! published experimental evidence of the 
coating but clung to the word adsorption as an explanation thereof. 

It is surprising, in view of the literature of geochemistry, that after 
the discovery of the utility of soluble chemical individuals as collectors, 
there should not have been almost immediate postulation of chemical 
reaction as the mechanism of their operation. But, barring the highly 
tentative feeler of Perkins*? in 1919, the idea does not begin to appear 
until 1928. Yet in the Data of Geochemistry,** under the chapter 
heading, ‘‘The Decomposition of Rocks,” are to be found such state- 
ments as follows: 


“Rain water falls upon the surface of a rock and sinks more or less deeply into its 
pores and crevices. Rain . . . carries oxygen and carbon dioxide in solution . . 
Water and gas both exert a solvent action, and the fluid which then saturates the 
rock becomes charged with the products of solution. These may intensify or inhibit 
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31 Ante. 
32 Ante. 
°F. W. Clarke: Bull. 330, U. 8S. Geol. Survey (1908). 
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nearly all nia anale are more or ea acid by water has long Desuknowns 
hat carbonated waters act still more energetically . . . Many minerals were 
and all were perceptibly soluble. From 40 grains of porabiencs digested dur- 
orty-eight hours in water charged with carbonic acid, 0.08 grain of silica, 0.095 
rri¢c oxide, 0.13 of lime and 0.093 of magnesia, or nearly 1 per cent. in all were — ie 
acted.” " 


_ Orthoclase with pure water yielded K,0, silica and alumina. In water saturated 
with CO, there was relatively great solution of silica but relatively less K.0. Leucite 
was less vigorously attacked than orthoclase. Many minerals are alkaline to litmus 
_ when moistened with pure water, e.g. several magnesian silicates, augite, amphibole 
and tremolite; kaolinite, pyrophyllite and nontronite are acid. After digestion of the 
powdered mineral in carbonated water, adularia lost-SiO2, Al,O; and K.0O; oligoclase, 
SiO2, Al2O3, Na2O and CaO; hornblende, SiOz, CaO and FeO; magnetite, FeO; apatite, 
CaO and P.O;; olivine and serpentine, Si02, MgO and FeO; the amounts in the several 
cases ranging from 0.3 to upwards of 2 per cent. of the original powder. The question 
of solubility of the ordinary rock-forming minerals is summarized as follows: 
: “The evidence, both as found by experiment in the laboratory and by field obser- 
_-_—__ vations, shows that all minerals, certainly all of the most important ones, are attacked 
by water and carbonic acid. The pyroxenes and amphiboles yield most readily to 
waters, then follow the plagioclase feldspars, then orthoclase and the micas, with 
muscovite the most resistant of all. Even quartz is not quite insoluble. Among 
the commoner accessories, apatite and pyrite are most easily decomposed, magnetite 
4 is less attacked, and such minerals as zircon, corundum, chromite, ilmenite, etc., tend 
to accumulate with little alteration in the sandy rock residues. These minerals are 
not absolutely incorrodible, but they are nearly so. Corundum, for example, slowly 
undergoes hydration, and is converted, at least superficially, into gibbsite or diaspore.”’ 


4 _ If it be thought that the reactions of geochemistry are not to be read 
a into the flotation machine because geochemical solutions are more 
a concentrated, geochemical temperatures and pressures higher, and the 
bE contacts between solutions and particles of infinitely longer duration 
than inthe machine, the following evidence should be considered carefully: 
a Emmons* gives analyses of 41 mine waters. Total salinity ranges 
from 47 to 237,000 parts per million. Twenty-seven of the waters show 


34 Ante. 
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We ieee Fount ‘that four » 
contact with one part of finely ‘powdered or 
contains about 225 parts dissolved salt per m 
ore is not unusually decomposed or eres aie » to fo 
lime per ton in a 1:1 pulp is not unusual in the ball mill. Su Such a 
tity, all dissolved, would correspond to from 500 to 1000 parts pert 
of water. McLachlan® gave analyses showing 200 to 650 p: rts d 
salts per million in the waters from different parts of the Nac 
flotation mill. 
Mine waters are surface waters and their (emporatenes are, rae? 
rarely more than a few degrees above normal surface temperatures 
The mean pressures under which ground waters exist are, of course, 
higher than those in the flotation plant. But operations of heap ie “ 
and leaching in place, as at Ohio Copper Co., have shown that pressure ie 
is in no way essential to the dissolving action of the percolating solutions | 3s 
on minerals. f 
The leaching experiments just cited, as well as the experiments 
with Miami ore, referred to above, show that long time of contact is 
not prerequisite to leaching of ore minerals, and no citation is, of course, 
necessary to establish the fact that once solution is effected, reactions 
between inorganic substances move quickly toward equilibrium. 
Granting, then, that there is possibility or probability, according to 
your personal bias, of reaction in the flotation machine similar to that 
which takes place in the rocks, anexamination of some of the experimental 
facts of geochemistry with respect to the reactions of the common ore 
minerals, as abstracted from Emmons,** will be of interest. 


Pyrite, of the common sulfides, is the most readily attacked by oxygenated water. 
The soluble products are ferrous sulfate and sulfuric acid, according to some such 
equation as the following: 


FeS, + HO + 70 = FeSO, + H.SO, © [1] mr 
Pyrrhotite reacts similarly and even more readily. Ferrous sulfate oxidizes in the 
presence of air and oxygen. The products are ferric sulfate and ferric hydroxide. 


With suitable reservations the following equation may be written for this reaction: 


6FeSO, + 30 + 3H20 = 2Fe.(SO4) 3 + Fe.(OH). [2] 


* Soluble Salts in the Mill Waters of the Nacozari Concentrator and Their Effect 
on Flotation, Mimeograph, A. I. M. E., February, 1928, 
36 Ante. 
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ic sulfate attacks the sulfides of copper. Thus 
- Fex(S0.): + Cu.8 = CuSO, + 2FeSO. + CuS ; Fits [5] 
 Feo(SOu)s + CuS. + 30 -+ HQ = CuSO, + 2FeSO,4 + SO, - [6] 


“cannes sulfate readily attacks all of the common sulfides. The chemistry of this 
k is discussed fully by Zies, Allen and Merwin,*’ from whose paper the following 


ae tio ms, experimentally verified, are abstracted: 
: CuS 2 CuSO. = Cu2S + CuSO, ‘ a [7] 


Cus + 7CuSO, + 40:20 = 4Cu.S + 4H2S80,. : [8] 
~ CuS + CuSO. (qual.) = Cu + CuSO, (basic) + H2SO, = [9] 
2S2 + CuSO. Moh) = FeS, + Cus + Cu.S + CuO + Cu + Fe,0; 
+ FeSO, + H.S0, [10] 
fe “4FeS: + 7CuSO, + 4H.0 = 7CuS + 4FeSO, + 4H.SO, , N12 
_ ies, et al. observed microscopically firmly coherent coatings of both CuS and Cu.S 
on pyrite surfaces. They also noted that sulfuric acid slows down reactions 11 and 
12 but does not stop them. 
_ Pyrrhotite reacts vigorously with cupric sulfate to form copper sulfides (chalco- 


pyrite, if conditions are right), hematite, metallic copper, cuprite and pyrite as the 
solid products, and ferrous sulfate, hydrogen sulfide and sulfuric acid in solution [13]. 


5CuFeS: + 11CuSO, + 8H20 = 8CueS + 5FeSO. + 8H2804 [14] 

Cupric sulfide is also formed by this same reaction. 
a CusFeS, a CuSO, = 2Cu.8 + 2CuS + FeSO, [15] 
‘9 ZnS + CuSO, = CuS + Cus8 + H280, [16] 


In this reaction cupric sulfide is formed first and cuprous later by the reaction of more 
cupric sulfate on the cupric sulfide. More cupric sulfide is formed when H2SO, is 
present initially. 


PbS + CuSO, = CuS + PbSO, [17] 


7 Cupric sulfide goes on to cuprous, in the presence of excess CuSO,, according to 
equation 8. +- 

: Emmons® cites an experiment in which pyrite, marcasite, galena, sphalerite and 
enargite were each separately attacked by leaching with distilled water; and each 
oxidized to a sulfate, which dissolved. When two of the sulfides were treated together, 
action on one was greatly accelerated and that on the other retarded. Sphalerite 
dissolved the more readily in the presence of pyrite. This suggests electrochemical 
effects, and such an hypothesis finds some support in the following table from Gott- 
sehalk and Buehler:* 


37 Econ. Geol. (1916) 11, 408. 
38 Ante. 
39 Hcon. Geol. (1912) 7, 15 


Feat sulfate hydrolyzes, 


es(S0.)s + 6H:0 = Fe(OH); + 31:80, Seetay Se 
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PorenTIAL IN VOLTS OF SEVERAL SULFIDES, MEASURED IN 
‘Distintep Water Acainst Copppr WIRE 


Mineral Volts Mineral Volts 
Marcasiteis. assccacka see + +0.37 Chalcacitese ts sere aa +0.14 
Areentite teens nectar 0.27 Hematitet...- 2 eee te oe 0 .08-0 .26 
Cassiterite: 47252 aoe 0.27 Cupritess) aareee sa. Gee 0.05 
@haleopyrites.. wea orate 0...18-0).30) | Niecolite.. 2 esanewete eee 0.02 . 
Enargite...................| 0.18-0.23 || Domeykite............... 0.01 
Moly bdenitemae. «2e.- lee 0.20 Copper metal............. 0.00 
Covelliter eis tien see eee 0.20 Stibnite. 2. 4. eae 
LENA Oude Linch aks Sis ute aenNio tnd c 0.18 Sphalerttes 2.7 SGayeee —0.2 -0.4 
BOrniter cuentas tcc ans ae 0.17 Zine metal...... gtd sag —0.83 
Galena sais. ater Sep ee OL1S 
a ——————— 


These potentials change with the solution, being highest positive in acid and oxidiz- 
ing solutions and lowest in alkaline and reducing solutions. 

PbS + 40 = PbSO. [18] 

PbS + Fe.(SO,)3 + HO + 30 = PbSO. + 2FeSO, + H2SO4 [19] 

Schuerman,* on the basis of suitable experiments, has arranged the metals in a 

series in which the sulfide of any given metal will be precipitated, under sulfide-precipi- 

tating conditions, at the expense of any sulfide lower in the series. As a rule the 

reaction is the more complete the farther apart the metals in the series. The series is: 

Pd, Hg, Ag, Cu, Bi, Cd, Sb, Sn, Pb, Zn, Ni, Co, Fe, As, Th, Mn. 
Weigel*! gives the following results of solubility determinations on metallic sulfides: 


SoLuBILITY OF SULFIDES oF Hravy Mertats 1n DIstTiILteD Water at 18° C. 
(Arter WEIGEL) 


coi tte | 2th | Bee [atte | 
INS EAE fac Soe tient ee arava 54.5 4.7 MnsS 71.6 6.2 
Pyrrhotite tt wiet. ce hones Bee 53.6 ZnS 70.6 6.9 
Py nite hit. 2 We Gee 48 .9 5.9 FeS Oh 6.2 
Pyrite carci tical Sarre yee eee 40.8 4.9 Cos 41.6 3.8 
Wurtzite, artificial (ZmS)......... 28.8 2.8 NiS 39.9 3.6 
Millerite, artificial (NiS)..........| 16.3 1 Ss Cds 9.0 1.3 
Greenockite, artificial (CdS)........| 9.0 13 Sb.S3 52 1.8 
Zineblende- ni eee 6.6 0.6 PbS 3.6 0.9 
Zineblende, artificial............. 6.6 0.6 Cus 3.5 0.3 
Le a er ee ih 3.1 0.5 As; | 2.1 0.5 
Galetinc. set Roderic eae 12 0.3 Ages 0.55 0.14 
Galena, artificial. .;.«.ao0 aul ealeendas 0.3 Bisse .cOeSben aoe 
Galena, trom, pptd websa ee 1.2 OS HgS 0.054 0.01 
SSs.. 04 cole eee een ee eal 0.2 

AgsS.'.', <0: 547s 0.55 | 0.14 | 

Sn) crystallizedin. ees eee 0.14 0.02 
ESE Laren eee ee 


” Liebig’s Annalen (1888) 249, 326 and Emmons: Ante, 117. 
‘| Ztsch. phys. Chem. (1907) 68, 293 and Emmons: Ante, 117. 


Reactiviry oF MINERALS wiTH VARIOUS REAGENTS 


iifuric acid, N/8, decreasing activity :4 calcite, rhodochrosite, siderite, nephe- 


ite, biotite, fluorite, orthoclase, chalcopyrite, arsenopyrite, marcasite, muscovite, 
ae pyrite, quartz. 


livine, sodalite, rhodochrosite, siderite, pyrrhotite, leucite, tetrahedrite, galena, 
arsenopyrite, labradorite, sphalerite, pyrite, hornblende, enargite, marcasite, kaolin- 
ite, augite, chalcopyrite, biotite, orthoclase, muscovite, fluorite, quartz. 

Ferric sulfate, decreasing activity in reduction of iron in: pyrrhotite, siderite, 
_tetrahedrite, arsenopyrite, galena, enargite, marcasite, pyrite, sphalerite, olivine, 


leucite, muscovite, quartz, sodalite, augite, biotite, kaolinite. 

_ Copper sulfate + ferric sulfate, N/10, decreasing activity in reduction of acidity 
of: calcite, siderite, tetrahedrite, galena, pyrrhotite, arsenopyrite, chalcocite, sphal- 
erite, pyrite, marcasite, enargite, chalcopyrite. 


in: (siderite), arsenopyrite, pyrrhotite, tetrahedrite, (chalcocite), galena, sphalerite, 
pyrite, marcasite, chalcopyrite, calcite. 

When ferric sulfate and copper sulfate in solution were brought simultaneously 
into contact with calcite and chalcopyrite, ferric hydroxide and copper carbonate 
_-_—_ precipitated and bornite coated the chalcopyrite. Excess of ferric sulfate removed 
-__ the bornite. 

Sodium bicarbonate, 1 per cent. solution, decreasing reactivity oie: :43 orpiment, 
: stibnite, pyrrhotite, realgar, marcasite, alabandite, pyrite, stannite, tetrahedrite, 
- _. smaltite, arsenopyrite, cinnabar, enargite, rosinjack, chalcocite, bornite, niccolite. 
a Sodium carbonate, 1 per cent. solution, decreasing reactivity with:4* orpiment, 
realgar, stibnite, pyrrhotite, pyrite, blackjack, smaltite, marcasite, alabandite, 
galena, chalcopyrite, chalcocite, rosinjack. 

Potassium carbonate, 1 per cent. solution, decreasing reactivity with: prpeoonts 
stibnite, pyrite, galena, blackjack, chalcopyrite, pyrrhotite, smaltite. 

Sodium hydroxide, 1 per cent. solution, decreasing reactivity with:4* orpiment, 
‘stibnite, pyrrhotite, pyrite, galena, alabandite, marcasite, blackjack. 

Carbonate Precipitation.4s—In solutions containing equivalent quantities of 
soluble salts of the metals, on addition of enough soluble carbonate to satisfy one 
~ metal only, the general order in which the metallic carbonates precipitate is: Hg, Pb, 
Cu, Cd, Zn, Fe, Ni, Mn, Ag, Ca, Mg. According to Kohlrausch the order of car- 
bonate solubilities, increasing, is: Pb, Sr, Ag, Ba, Ca, Zn(?), Mg, Na, K. 

‘Oxidizing solutions, order of este asin attack by:“ chalcocite, pyrite; chalcocite, 
pyrrhotite, pyrite; chalcocite, bornite, pyrrhotite, chalcopyrite, pyrite; sphalerite, 
chalcocite, galena, pyrite, chalcopyrite, argentite; pyrrhotite, sphalerite, galena, 

rite rite. 
ae of solution of sulfides in zone of oxidation in ore deposits: sphaler- 
ite(?), chaleocite, pyrrhotite, chalcopyrite, pyrite, galena, enargite. 
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42 Nishihara: Econ. Geol. (1914) 9, 743 and Emmons: Ante, 121. 

43 Grout: Econ. Geol. (1913) 8, 427 and Emmons: Ante, 124. 

44 Wells: U. S. Geol. Survey Bull. 609 (1915) 35 and Emmons: Ante, 125. 
45 Several investigators, see Emmons: Ante, 130. 


ite, pyrrhotite, leucite, tetrahedrite, labradorite, hornblende, galena, augite, sphaler-_ 


__ Ferric sulfate, M/10, decreasing activity in reduction of acidity of:4? calcite, | 


. chalcopyrite, hornblende, orthoclase, calcite, rhodochrosite, fluorite, laboradorite, - 


Copper sulfate + ferric sulfate, N/10, decreasing activity in reduction of iron 
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Galena is readily attacked by cold dilute sulfate solutions but the sulfate film 
formed protects it against further attack. ; 

Sphalerite changes to zine silicate in oxidation of sulfide ore deposits. 

Acid in reducing solutions, order of decreasing attack by:“* pyrrhotite, sphalerite, 
galena, chalcopyrite, pyrite. 

Solutions that deposit chalcocite in secondary sulfide zones appear not to attack 
pyrite as long as blende is present. 

Evolution of hydrogen sulfide, order of decreasing activity with cold dilute H.S0,:" 
pyrrhotite, sphalerite, pyrite, chalcopyrite. 

Sulfide Precipitation.—In general the sulfide that evolves H2S most readily will 
most readily precipitate other metals as sulfidés and will reduce acid solutions of 
reducible salts most readily. 

Covellite replaces galena and sphalerite. Chalcocite has replaced pyrite without 
the intermediate step of covellite formation. Pseudomorphs of galena after zine 
and iron sulfides are not common. Pseudomorphs of blende after pyrite and mar- 
casite are unknown but marcasite after blende has been found. Chalcopyrite changes 
to chalcocite through a zone of covellite. Bornite likewise, probably. 

Zine sulfide is precipitated in alkaline and in very feebly acid solutions. Iron 
_ sulfide is less readily precipitated in acid solution than zine sulfide. Oxygen tends 
to inhibit precipitation of copper sulfides. Pyrite apparently does not precipitate 
chalcocite or covellite while sphalerite is present. 

Refer also to Schuerman’s series, page 228. 

Emmons has collected a wealth of information on the properties and behavior of 
the minerals of the various metals. A small part of this material, of major interest 
to flotation investigators, is abstracted below. 


Copper 


At ordinary temperatures cupric sulfide is soluble in water to the extent of 3.5 X 
10-* moles per liter (= 0.3 mg. per1.). It is insoluble, even in hot concentrated sul- 
furic acid, if a trace of H2S is present. Cupric carbonate is soluble 300 mg. per 1. 
at 10° C. in water saturated with CO2. Its solubility in metal carbonate solutions is 
very small. 

Precipitation of copper sulfides, where air is excluded, may be brought about by 
chemical interchange with pyrite, chalcopyrite, bornite, pyrrhotite, sphalerite, galena. 
Oxygen tends to delay such precipitation or inhibit it entirely. Polished sections of 
certain ores show the sequence: pyrite — chalcopyrite — bornite — covellite > chal- 
cocite. Excess of acid (sulfuric) tends to inhibit the precipitation of copper sulfides 
on pyrite and chalcopyrite. Native sulfur will precipitate the copper sulfides from 
copper sulfate solution. Bornite reacts with cupric sulfate to produce a film, which 
is probably covellite, and which changes subsequently to the color of chalcocite. 
Chaleopyrite is not readily affected by cupric sulfate alone, but with ferrous sulfate 
the chalcopyrite is filmed, and finally changes to the color of covellite. With ferric 
sulfate present, copper sulfide is precipitated from copper sulfate solutions slightly 
if at all, due to the fact that ferric sulfate is an active solvent of nearly all Bees, 
sulfides. In dilute alkaline solutions, carbonate, hydrate or silicate, many metallic 
sulfides react to form alkaline sulfides and these react with cupric sulfate to precipitate 
cupric sulfide. Chalcocite is formed on pyrite and chalcopyrite more readily in alka- 
line environment. Copper sulfate attacks the sulfides of all metals below copper in 


Schuerman’s series (see p. 228), precipitating copper sulfide. Chalcocite will precipi- 


46 Hmmons: Ante, 137. 
47 Tdem, 150. 


f galena in contact with sulfuric acid eh ferric aultate gained 0.17 
ee oxidation; : in acid hanes alone the gain was 0. 07 g- 48 


Ti anc 


_ Solubilities, Mg. per 1: sulfate, 531,000; chloride, 2,039,000; carbonate, 40; 

e, 1,178,000; sulfide (freshly precipitated? 

; eoicletta Bienes in sulfuric acid, more readily in the presénce of ferric sulfate. 

oxidizes slowly in the absence of pyrite. Being the most soluble of the ordinary 

e- etallic sulfides it cannot replace the others; e. g.. Cu, Ag, Pb. It is replaced by 
~ Cu.8, CuS, AgsS and PbS. - 

; Zinc salts hydrolyze but not so readily as ferric salts. 


Aluminum, Silica 


2NaAISiOx + 2H.CO; + 3H:O — Al,O3. 2H:20 + H2Na2(COs)2 + 2H.SiO; 


2 ania HeAl2(SiO4)2.H20 + 3H2S0O, = Al2(SOu)3 + 2H2Si0; + 3H20 
Ee (kaolin) (strong) 


3a ~The above reaction probably takes place slowly under geological conditions. 
; Acid waters become alkaline on prolonged contact with rocks containing 
alkaline silicates. 

Bat. Silica is dissolved by acid waters, but more readily by alkaline. 


CoLLEcTING AGENTS 


2 Taggart, Taylor and Ince*® gave qualitative evidence that when 
-___ galena is prepared for flotation with thiocresol, there is chemical reaction 
b between the galena particles and the organic compound. During the 
past year the surface of galena particles, produced by grinding in air, 
in water in contact with air, and in nitrogen atmospheres, has 
- been investigated. 


OXIDATION OF GALENA 


a 4" “When galena is dry-ground in air or in water impregnated with air, 
4 the newly formed sulfide surfaces are quickly changed into oxidized 
: lead compounds. Lead sulfate (PbSO.), one or more less oxidized 


sulfur-oxygen compounds of lead (PbS,O,, where the ratio n/m is less 
than 4), and lead carbonate, are the probable salts. The evidence for 
these statements follows: 


8 Jnl. Geol. (1913) 21, 11. 
© Ante. 
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tea Sulfate—1. When galena, either dry-ground or wet-ground, 
is shaken with distilled water and filtered, the filtrate gives a precipitate 
with barium chloride, which precipitate is not soluble in an excess of 
hydrochloric acid. It should be noted that the amount of lead sulfate 
in solution is well below the saturation limit. 

2. When galena is shaken with a solution of potassium xanthate (or 
of thiocresol) the xanthate (or thiocresylate) radical is abstracted and 
sulfate radical (proved as in 1) is thrown into solution. Xanthate ion 
is tested for by measuring the reducing ions in the solution, as below. 
The amount of sulfate ion recovered in this experiment is well in excess 
of that found in (1) above. 

3. Potassium chromate, which, like the xanthate, forms a very 
slightly soluble lead salt, behaves similarly with ground galena, giving 
up chromate ion and increasing the sulfate content of the solution. 
For determination of chromate content of the test solutions we made 
colorimetric comparison with solutions of known concentration of 
K.CrO, and also oxidation of iodine, according to the ionic equation 


14H+ + Cr.07- + 61- = 2Cr*** + 61° + 7H.0. 


Lead Sulfite, Etc—1. When galena is shaken with distilled water 
and filtered, iodine titrations on the filtrate show the same reducing 
power as distilled-water blanks. That is to say, the sulfite, etc., are 
not soluble in water to an extent within the sensitiveness of the 
iodine titration. 

2. Galena was treated with potassium xanthate solution, then 
filtered. The filtrate was treated with an excess of acetic or tartaric 
acid to convert any residual xanthate into xanthic acid. The mixture 
was then extracted with petroleum ether, with which xanthic acid is 
miscible. The residual water contained reducing ion, whose quantity 
was now determined by iodine titration. Another portion of the filtrate 
was treated as above to remove xanthates. Hydrogen peroxide was 
added, after which the solution gave a barium chloride test for sulfates 
much greater in intensity than the direct sulfate test previously described. 
Another portion of the extracted filtrate gave a negative test for sulfide 
ion (see below). 

3. To the filtrate from a xanthate-solution treatment of galena, after 
removal of residual xanthate (see preceding paragraph 2), was added 
silver nitrate or silver acetate. Blackening occurred. In the absence 
of sulfide ion, Pras proved, this evidences thionates and prob- 
ably thiosulfates. 

4. The filtrate from the treatment of galena with sodium chromate 
solution shows reducing ion when titrated with iodine. This titration 
may be made in the presence of residual chromate ion, if hydrogen-ion 
concentration is kept low enough. 


> a 
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li bration curve. The amount of carbonate thus determined 
responded, in order of magnitude, to the amount of lead carbonate 
uired to react with the amount of xanthate abstracted in excess of 

accounted for by sulfate and the reduced sulfur-oxygen (SmOn) 

. We believe that the lack of closer agreement (see Table 1) is due 

great part to the extreme Se ais of making pH measurements 
n carbonate solutions. 


TapiE 1.—Tests on A paivaction of Potassium Xanthate by Galena 


Potassium Xanthate reps neler Mg. per Bi Grams Alkalinity, pH 
; } eed Accounted for as 
Test; Potassium 
; oe x pesriiyce Reduced Unaccount-| Actual Control 
; Galena Divalent Bultatenton ed for Filtrate Solutions 
> oxygen Ions 
sa A 10 6.5 1.3 5.5 0 6 .95¢ 6.43 
wes B 30 TEM 1.5 5.5 0.7 7.05* be 6.48 
Cc 100 28.1 1.9 4.9 21.3 7.522 ‘I 6.54 
g D 150 27.4 lige) 6.3 19.3 8.108 6.86 
re, :, E 200 36.6 4.8 8.4 23.4 9.25% 
Peet ic 200 28.6 re 6.0 20.5 8.15? 7.00 


2 Potassium xanthate blanks. 

> The alkalinity of potassium carbonate solutions of strengths corresponding to the 
decomposition product, by a carbonate, of the corresponding amounts of xanthate in 
the ‘‘unaccounted” column, was pH = 9.2. 

¢ Corresponding pH tests on standard carbonate solutions not made on account of 
utter lack of dependability at these low concentrations. 


\ 


Results of a series of abstraction tests with xanthate solutions of 
different strengths are given in Table 1. 

Lead Sulfide—The methylene blue test® for sulfide ion, sensitive to 
0.06 mg. per |. of water, which we proved may be made in the presence of 
xanthate ion, was used. 


et 2 ee eee ee 
i. ee 


50 Take 10 c.c. of the solution to be tested in a colorimetric tube. Add 1.5 c.c. of 
3-molar or 4-molar H.SO, and dilute to about 45 c.c. Add 1 ¢.c. of a 2 per cent. 
aqueous solution of p-phenylene-dimethyl-diamine hydrochloride and 1 drop of 5 
per cent. ferric chloride solution. Mix well, dilute to 50 c.c. and allow to stand until 
color change ceases. Compare with solution of known concentration. The red color 
of the reagent turns to a permanent blue in the presence of sulfide ion. The blue 
precipitate falls gradually if the solution is too concentrated in sulfide ion. Sulfites » 
give a purple color which develops slowly and is not permanent. 
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No sulfide ion was detectable either in distilled-water or xanthate 
extraction of galena. 

Coating of Galena.—Galena (—200-mesh dry-ground) that had been 
treated with an excess of aqueous potassium xanthate solution (100 mg. 
per 1.) and then washed in water, was extracted with (a) alcohol and (b) 
alcohol plus benzol. When the extracts were mixed with water and 
distilled to remove the organic solvent, there was a precipitate of silky 
needles (indicative of lead xanthate). These were dissolved in hydro- 
chloric acid, the solution evaporated to drive off xanthic acid (indicated 
by the characteristic odor), sodium acetate was added to neutralize 
the residual hydrochloric acid, then sodium chromate. A yellow pre- 
cipitate indicated lead. A portion of the acetate solution blackened on 
addition of sodium sulfide, also indicating lead. Another portion of the 
silky precipitate from the organic-solvent extract was made strongly 
alkaline with sodium hydroxide, which dissolves lead xanthate, an 
equivalent amount of hydrochloric acid was added, then cuprous ion, 
when there was a yellow precipitate, accepted to be cuprous xanthate. 

A solution of sodium xanthate from which xanthate ion equivalent 
to 25 mg. of sodium xanthate per 100 g. of galena had been abstracted, 
was tested for sodium ion and showed no determinable removal. (Sen- 
sitivity of analytical method, +1 per cent. on the amount present.) 

When zinc ethyl xanthate solution (solubility of the zine salt is 335 
mg. per |.) was used instead of sodium xanthate with galena, xanthate 
ion was abstracted but zine ion was not. 

Wet Grinding.—Qualitative tests for sulfate and reduced sulfur- 
oxygen (S,,0,) ions and for alkalinity (indicating CO;-) were made on 
galena ground under water exposed to the atmosphere (duplicating mill 
grinding). The results were the same as on dry-ground galena. 


Rate of Oxidation of Galena 


Fig. 2 shows the rate at which removal of xanthate ion by galena 
increases with time of exposure of the galena to air, after grinding and 
before treatment with potassium ethyl xanthate solution. Since previous 
experiments indicate that all xanthate ion that disappears from solution is 
removed by metathesis with oxidized lead salts, the ordinates of the 
curve are proportional to the extent of oxidation of the galena, and the . 
curve may, therefore, be read as indicating the rate of oxidation of 
galena in air. 

The experiments were performed on —200-mesh galena, freshly 
ground from large lumps. The xanthate solution contained 200 mg. of 
potassium ethyl xanthate per liter and the proportion of galena to solution 
.was 1:10. Galena and solution were shaken together for 1 hr. in each 
experiment. The graph is a typical rate-of-reaction curve, and confirms 
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Fig. 2.—REMOVAL OF POTASSIUM XANTHATE BY. GALENA. 


Variation in Xanthate Abstraction with Concentration of Solution 


Fig. 3 shows the results of a series of abstraction tests in which freshly 
prepared —200-mesh dry-ground galena was treated with potassium 


ethyl xanthate solutions of different strengths. The curve shows 


maximum utilization of the added xanthate with minimum addition. 


Thus with a solution strength of 12.5 mg. per |., corresponding to 0.1 lb. 


xanthate per ton of ore in a pulp containing 20 per cent. solids, upwards of 
10 mg. of xanthate was removed or over 80 per cent. of that added. At 
25 mg. per I. (0.2 lb. per ton) 60 per cent. of the added xanthate was 
abstracted, and at 62.5 mg. ber 1. (0.5 Ib. per ton)-only 40 per cent. 


_ was removed. 


= 


a | 
Potassium Eth oslo Fermoved a 


500 [000 1500 1800 
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Mg. per 100g.Galena per Liter of Solution 


Fig. 3.— RELATION BETWEEN SURFACE REACTIONS AND REAGENT CONCENTRATION. 


The curve also shows a maximum at a solution strength near 500 mg. 
per 1. This is probably due to the fact that lead xanthate is soluble 
in solutions of potassium xanthate, the solubility increasing with the 
concentration of the latter salt. 
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Fig. 3 shows also the amount of sulfate ion, reckoned in terms of potas- 
sium ethyl xanthate decomposed, thrown into solution by the reaction 
of xanthate with lead sulfate. The curve for solution strengths beyond 
25 mg. per l., is probably to be considered horizontal, which means that 
the relatively soluble sulfate is the first of the lead salts to be decomposed 
by the xanthate, and that decomposition of the other lead salts is sub- 
stantially nil until the sulfate is all used up. 


Effect of Solubility of Surface on Xanthate Removal 


If galena is first treated with a soluble chromate (p. 232), which 
forms a much less soluble surface coating on the galena particles than 
that formed by oxidation, and then with xanthate solution, xanthate 
removal is reduced to about 25 per cent. of normal. This explains why 
chromates lessen the floatability of galena with soluble eollecting agents 
(but does not explain the action with oil collectors, be it noted). 


Grinding in an Atmosphere of Nitrogen 


When ga'ena is dry-ground in a neutral atmosphere, specifically 
nitrogen, and then subjected to air-free xanthate solution, likewise in a 
nitrogen atmosphere, xanthate removal is decreased from some 25 mg. 
per 100 g. galena to from 5 to 10 mg. The obvious explanation of this 
dimunition in xanthate abstraction is that the lump galena was already 
oxidized, but xanthate removal by the lump galena was only 2 mg. per 100 
g. The following facts throw some light on the apparent discrepancy: 

Tests designed to investigate grease contamination of galena surfaces 
have shown that air-borne grease has already contaminated over 90 per 
cent. of the cleavage surfaces formed in breaking down a 3 or 4-in. cube 
of galena to 1¢ to 14-in. cubes. From this it may be inferred that oxida- 
tion has similarly progressed to an appreciable extent on cleavage planes 
within a lump, prior to breaking down the lump. Furthermore, polished 
sections of ores in the zone of oxidation commonly show visible alteration 
proceeding apparently entirely surrounded by unaltered material. It — 
must be admitted that, with respect to such evidence, access to the attack- 
ing reagent in these cases may have been by passages out of the plane of 
the section. 

While the nitrogen experiment, therefore, does not prove conclusively 
that grinding in a neutral atmosphere prevents the formation of galena- 
particle surfaces that will abstract xanthate, and hence that abstraction is 
dependent on prior oxidation of the galena surfaces, or at least upon the 
formation thereon of lead compounds more soluble than the sulfide, it 
does point strongly to such a conclusion. 


See 
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Abstraction Tests with Sphalerite 


Water. —When sphalerite is shaken with water, the water becomes 
~ slightly acidic ‘PH = 6.33) and the water gives a strong test for sulfate 


en, ae Bthyl 2 gale Wher sphalerite is treated with xanthate } 
and the extent of abstraction of xanthate ion is tested by the usual : 
- iodine-titration method, the results indicate almost negligible removal of 
_ xanthate. When however, the filtrate is acidified and the resulting 
xanthic acid removed by petroleum ether, the residual solution has 
reducing action, and when the iodine consumed by this solution is taken 
into account, it is found that —200-mesh sphalerite will abstract xanthate 
tori equivalent to about 5 to 10 mg. of potassium ethyl xanthate per 100 g. 
of solid from a solution containing 100 mg. of ethyl xanthate per liter. 

: Our interpretation of these facts is that sphalerite oxidizes in air 
__ (and probably in oxygenated water) to form one of the reduced sulfur- 
oxygen compounds, ZnS,,0, (n/m < 4) and that this compound reacts. 
with the alkaline xanthate to form zine xanthate and K2S,,0,. But the 
i solubility of zinc xanthate is about 335 mg. perl. Hence this compound 
dissolves to a considerable extent from the sphalerite-particle surfaces, 

- with the result that the abstraction test shows low removal. 

The behavior of sphalerite with soluble collectors appears, then, to 
be analogous to that of galena, vzz: first oxidation of the sulfide, and sub- 
sequently a double-decomposition chemical reaction between she oxidized 
surface compound and the organic collector, resulting in the formation of 
a relatively slightly soluble salt of the base-metal cation with the organic 
anion. (Evidence for orientation of the resulting compound at the solid 

surface is given by Taggart, Taylor and Ince.*) 

The difference in abstraction from that by galena, which difference is 
reflected in a marked difference in the collecting index of xanthate on 

. the two minerals brings out the fact that in order for an organic reagent 
to be a satisfactory collector for a given mineral, the organic salt formed 
with the base-metal cation must have a very low solubility. Other 
evidence presented later (p. 242) indicates that the order of solubility 
of this salt must be in the neighborhood of less than 1 mg. perl. It 
will also be apparent from the reasoning that its solubility must be less 
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BROWNTAN MovEMENT 


_ flotation behavior of these minerals. The initial discovery prompt 
an inquiry into the mechanism of Brownian movement itself, in the — 
hope that therefrom light would be thrown on the mechanism of flotation. 4 
The result of the inquiry and concurrent experimentation was, in our ~ 
opinion, to disprove the classical explanation for Brownian movement, _ 
and to lay the basis for an alternative hypothesis of mechanism that. | 
fits all of the facts in our possession, and that is highly useful in inter- “a5 
pretation of flotation phenomena. 

When certain finely divided substances are suspended in certain 
fluid media, and the suspension is examined under sufficiently high 
magnification to resolve the smaller particles clearly, the mass of fine 
particles is seen to be in erratic motion, which, for any particle that is 
moving, is continuous and which continues more or less indefinitely, 
so long as surrounding conditions remain reasonably constant. The 
name of this movement comes from its discoverer. 


Ze 
520. C. Ralston et al. See page 369. . 

53 The authors of the United Verde paper give figures for sulfide ion in the pulps. ee 
This disagrees with our experience. The United Verde method of determining ~ 
sulfide ion was to titrate one portion of mill solution with iodine and another with 
permanganate and to accredit the difference in reducing power, as determined by the 
two standard oxidizers, to sulfide ion, on the theory that sulfide ion will reduce per- 
manganate but not iodine. Soluble sulfides in alkaline or in acid solution will reduce 
iodine. (See Treadwell and Hall: Analytical Chemistry, 1921 ed., 1, 358.) Per- 
manganate titrations in solutions of such low concentration of H+ as were used at 
United Verde (pH = about 4) are highly erratic and unreliable, because at this acidity, 
even if maintained constant throughout the titration, permanganate ion reduces to 
manganous ion and manganese dioxide in undetermined and therefore unknown 
proportions. In order that the oxidizing effect of permanganate may be accurately 
calculated from consumption of permanganate ion, titration must be performed at 
pH = + 0.6, corresponding to N/2 H.SO, Here permanganate ion reduces almost 
exclusively to manganous ion. Consequently we do not consider the United Verde 
results to be read as indicative, even, of the presence of sulfide ion in the mill pulps. 
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d, ah that so ine as the mass of the etieien is small enough and — 
+ Momentum (mass x velocity) of the bombarding molecules great 


a cs It has been fund by eracat that the motion in any given case 
_ can be stopped by the addition of small quantities of certain electrolytes. 


It has also been observed that such cessation of motion is frequently 


accompanied by aggregation of the particles (flocculation). And it 


_ has been further observed, in the case of many suspensions which show 


movement, that the particles migrate in an electric field, from which it 


has been concluded that they carry electrical charges. 
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On the basis of these observations, the dispersion that permits 


the particles to remain as individuals small enough to respond to molec- 


ular bombardment has been accredited to electrostatic repulsion by 
the charges on the particles. The charging has been accredited to 


preferential adsorption of certain ions from solution in the suspending 


medium. Flocculation has been said to be induced by the added elec- 


_trolyte, which, by some means, discharged the particles, after which 
discharge they immediately flew together, as it were, under the influence 


of some more or less mysterious forces: “‘like-to-like,” gravitational 
attraction, molecular attraction, etc. ad nauseam. And once flocculation 
had occurred, the particles were, of course, too large for molecular bom- 
bardment to have any visible effect thereafter, consequently move- 
ment ceased. 


Experimental Work on Brownian Movement Mechanism 


1. A suspension of quartz, cleaned with great care, ground in porce- 
lain to pass 200-mesh, then ignited at 1000° C., is in vigorous movement 
in M/1000 sodium carbonate solution and at rest in M/1000 sulfuric 


acid solution. 


(a) A slide was made** of the suspension in carbonate solution; 


54 The technique of slide preparation is a large part of the battle. Selected extra- 
thin slides and thin cover-glasses are soaked in chrome-acid solution for several hours, 
then placed in running tap water, then in running distilled water, and partially dried 
between clean filter papers. All handling is done with clean forceps. A drop of the 
suspension is then placed on the slide, the cover-glass put on, excess liquid at the edge 
blotted away, and the cover-glass sealed on by rapid strokes of a camel’s hair brush 
wet with melted paraffin. (Paraffin is used because of its insolubility in water and 
consequent lack of effect on the suspension.) The microscopic examination is made 
with a No. 9 fluorite lens (dry) and a special dark-and-light-field condenser (oil- 
immersion), which permits instantaneous change in the type of illumination. Mag- 
nifications from 2500 to 3400 are best. 
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leaving portions of the periphery of the cover-glass at opposite ends 
of the slide unsealed. The quartz was in active movement. A drop 
of M/500 sulfuric acid was placed at each of the unsealed places. Diffu- 
sion of acid into the carbonate preparation started at once. The progress 
of the acid could be followed across the slide, using a low-power (16-mm.) 
objective. In this field the particles on the side toward the advancing 
acid were at rest, the balance in motion. The preparation was made of 
such density that a field appeared like Fig. 4, when viewed at 2500 dia. 
. At this magnification it was easily possi- 
ble to observe cessation of movement of 
the particles. They first slowed down, 
seemed to settle, strike bottom (the slide) 
perhaps give one or two spasmodic wrig- 
gles, perhaps even go into suspension 
again for a few seconds, but eventually 
each settled down and _ stopped. 
There was no slightest agglomeration 
(flocculation) and no visible change of 
any kind in the particles, other than from 
a state of motion and suspension to one 
of rest and non-suspension. 
It seems from this that the change 
Fig. 4—DIAGRAMMATIC SKETCH ra 
OF FIELD WITH QUARTZ SUSPENSION. from motion to rest was not due to any 
increase in mass of the particle.® 
If the classical theory is to hold, then, there must have been a decrease 
in the momentum of the water molecules. We have, of course, no 
direct knowledge of either the active masses or their velocities, but we 
do know that viscosity is, in a general way, a measure of the molecular 
activity of a substance, at least to the extent that, for any given substance, 
molecular activity is greatest and viscosity least in the gaseous phase, 
both are intermediate in the liquid phase, and viscosity greatest and 
molecular activity least in the solid phase. In the liquid phase, viscosity 
decreases with increasing molecular activity when a liquid is heated. 
Since, therefore, there are no marked differences in viscosity of aqueous 
solutions for changes in the concentration of inorganic solutes within 
the limits of M/500 and M/1000 concentration, the apparent conclusion 
is that there are no great changes in molecular activity of the water. 
We contend, in the light of these showings, that the classical theory 
cannot hold, and that we must seek elsewhere than in bombardment by 


°° Tf it be claimed that there was change in mass due to attachment of something 
invisible on to the particles, then the change for the smallest particles pictured in Fig. 
4 must have been to a volume greater than that of the largest, since all moved initially. 
Or else the further assumption must be made that the added mass, in addition to its 
invisibility, has likewise an inexplicably high specific gravity. 
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_ than in the first place, but nevertheless unmistakable. 
tari _A preparation of quartz in M/1000 sodium sulfate with a slight excess 
of sodium carbonate had motion slightly greater than that of the 
is revivified slide. 
4 The same process of stopping and revivification was performed in a 
4 eo test-tube, the process being followed by slides prepared at intervals. 
Here there was some flocculation observed in the slide made from the 
Bk acidified water and this flocculation had not wholly disappeared on the 
__ slide made from the suspension over-neutralized with sodium carbonate, 
ae but. some of the floccules in this last. slide were in sluggish motion, while 
: the small individuals moved freely in suspension. This latter fact 
evidences that the same forces act on both large and small particles, 
but with the responses inversely proportional to the sizes. 
Revivification such as this, of particles in solutions of increased con- 
_ centration of inorganic solutes, and consequently of increased viscosity, 
as compared to the solutions in which the particles were at rest (assuming 
_asmall viscosity change, although unmeasurable), confirms the previously 
stated conclusion against the classical theory. 


Proposed Hypothesis for Brownian Movement 


It is the opinion of the authors that particles in colloidal sus- 
pension, which, therefore, are in Brownian movement, are ionized at the 
surface, with one of theions preponderantly anchored to the particle surface, 
the other being free-swimming; that the suspension of the visible particle 

is due to the mean pull on it of the surrounding swarm of free-swimming 
ions, which are in turn maintained dispersed by whatever forces induce 
ionic solution; that motion of the visible particles is due to unbalanced 
vibration, as it were, between the ionized and unionized states, taking 
place at random over the entire surface of the particle;** and that the 
4 visible particles do not coalesce for the same reason that ions of the same 
. element in ionic solutions do not coalesce. 
The essentials for dispersion and movement are: (1) sufficient ioniza- 
tion of the surface and (2) anchoring of one of the ions to the particle. 

If ionization is insufficient, there are not enough free-swimming ions 

to hold up the visible particle. If the surface compound is too soluble, 


ye ee eee) ae ee 


56 So far as this phase of the hypothesis is concerned the reasoning is similar to 
that by which the concept of molecular bombardment was translated into the idea 
of visible movement. 
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forces between particles are lessened to the point that rar 


suspended particl 

When motion is hal Ar 
under the present hypothesis, is 
(1) surface ionization has been almost p 
solubility has been markedly increased and 
particle surface correspondingly lessened. As” a pce 


are not prevented thereby. When such random ae 
particle-solution interface for the system is at a minimum and st se 
separation would require work to be done against the interfacial 1 
In the absence of such work the contact persists and the seit isa: 


Experimental Evidence for the New Rapitioein 


A suspension of dry-ground galena” freshly mixed with distilled w ; 
and promptly examined®* shows no Brownian movement. A suspension 
in M/1000 sodium carbonate solution is in vigorous movement; in M/100 0 ae 
potassium dichromate does not move; in M/1000 Eiocklone acid or | 
nitric acid there is no movement; in M i 1000 sodium hydroxide or ammo-- 
nium hydroxide there is movement. 

We start with the information already Srsiian (p. 231) that an aged 
surface of dry-ground galena is changed more or less completely to 
lead sulfate, PbS,,O, (n/m < 4), and (probably) lead carbonate. Lead — 
sulfate, soluble to the extent of 40 mg. per |., is probably the most 
soluble of these surface salts, as evidenced by the fact that it is the one 
first displaced by xanthate (p. 235). But its solubility is so great that 
it can break loose to a certain extent, at least, from the surface, as evi- 
denced by the fact that distilled water alone will extract sulfate (p. 232). 
We have no information as to the solubility of the PbS,,O, salts except 
that inferred in the statement of the relative solubility of the sulfate 
above. The solubility of the carbonate is given as 1 mg. per 1. (p. 231). 
In sodium carbonate solution, sulfate and §,,0, ions are displaced to a 
considerable extent by carbonate ion and the surface becomes largely 
lead carbonate. By the change from a relatively soluble to a relatively 
insoluble surface, motion is induced. 

Powdered lead carbonate in potassium dichromate and in potassium 
xanthate solutions turns yellow, indicating precipitation- of lead dichro- 
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*’ All of the preparations discussed under this section were made from pulverized 
samples of selected pure minerals, dry-ground in air in a porcelain mill with flint 
pebbles, screened through a 200-mesh sieve, and thereafter kept in glass containers 
not tightly sealed. Therefore, they may be considered as thoroughly oxidized (see 
page 20), although there is no visible alteration. 

8 Not over 15 min. should elapse between mixing the mineral and water and 
microscopic examination, if this description is to apply. 


hlor les eal nitrates slot lead are even more scolutle than the ania 
of motion in chloride ane nitrate solutions is, enerelovens in accord 
s sg pscen as: 


Asic ok Annee itl the same acid radical, with ianeequelt sberease. 
in surface solubility. 
On the score of anchorage of one of the ions, it is illuminating that 
while distilled water extracts some lead sulfate from galena, it leaves much 
_ more behind, which may be subsequently displaced by the xanthate. Yet 
_ the solution of sulfate in the dis- : 
tilled water extraction test is far 
from saturated. That is to say, 
distilled water can tear away far 
less than all of the sulfate, even 
though the solution formed is far 
short of saturation. Zinc sulfate, 
which is much more soluble than 
lead sulfate, goes into solution from 
sphalerite surfaces to a much 
greater extent than lead sulfate 
from galena surfaces. Zinc sulfide, 
which is only slightly soluble (about --~-Region of Motrorr---= 
7 mg. per l.), is not extracted by Solubility —> 
paetted wae pene eee Fic. 5.—RELATION BETWEEN BROWNIAN 
be concluded that the degree of ACTIVITY AND SURFACE SOLUBILITY. 
anchorage of one of the ions of one 
of these surface coating compounds is generally proportional to the 
insolubility of the compound. 

On the basis of these data, it is thought that some relation between 
motion and surface solubility (and ionization) such as is shown in Fig. 
_~- 8 exists. 


Vear mg, per /1, 
Less thar 40 mg, per yf 


Experimental Correlation of Brownian Movement and Flotation 


A series of tests was run in which to a suspension of each of the 
four minerals, galena, sphalerite, pyrite and quartz in distilled water 
there. were added successively sodium carbonate, potassium cyanide, 
zine sulfate, potassium xanthate, pine oil and copper sulfate in the pro- 
portions usual in flotation. That is to say, when the xanthate, for 
example, was added to one of the suspensions, there were already present 
sodium carbonate, potassium cyanide and zinc sulfate. After each 
addition of reagent a slide was made and examined at 2500 diameters, ° 


the faokinn See ahs ee was more 
sulfate caused no further change. 
Sphalerite was somewhat more dispersed t ’ 


and started motion; ainda a Senin 5 oho a NS : 
tions of zine sulfate, xanthate and pine oil produced no change. oak 
sulfate stopped motion and produced some flocculation. _ 
Pyrite was flocculated and motionless in distilled water. Mc 
began with the carbonate addition, increased with cyanide and y 
’ not stopped even by copper sulfate. ‘% jos’ aR 
Quartz was in motion throughout. i ia ne 
It will be noted that there is complete correlation here between — 
Brownian movement of the various minerals and their behavior in 
differential flotation, and as a first approximation we may set up the | 
conclusion that particles in Brownian movement will not float. : 
But we can go further than this. In the hypothesis set up to explain - 
Brownian movement it was postulated that, for Brownian movement 
to occur, the particle surface must be ionized and one of the ions anchored 
to the surface. Such a condition means, of course, that the surface is 
one that tends -to disperse itself through water, to surround itself by ‘s 
water, to become and remain wet by water, to be water-avid, in other = 
words, and consequently non-floatable.*® To overcome this state and 
render the particle floatable, we must anchor a water-repellent film at 
the surface. Such a film must be un-ionized, and therefore, on the | be 
hypothesis, cannot cause Brownian movement. a 
If we examine the behavior of the various particles in the various =f 
solutions from the point of view of possible chemical reactions, and in 4 
the light of these hypotheses, there are some interesting concordances. wy 
Galena in distilled water has, we have seen, a coating of PbSOu,, 
PbS,,On(n/m < 4) and (probably) PbCO;. It is charged positively,” 
which means that lead is the anchored ion. Addition of sodium car- see 
bonate displaces sulfate and sulfite ions, because of the lesser solubility 
of lead carbonate, giving a coating of closely held carbonate ions (arguing 
that slight solubility means tight or close holding), and these cause 
vigorous movement. Addition of cyanide causes no change in the sur- 
face coating because neither of the possible products of reaction with 
lead carbonate is less soluble than the carbonate. The same is true 
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* Taggart, Taylor and Ince. See page 285. 
® Don O. Noel, in the experimental work for his thesis at Columbia in 1929, 


checked over Tee: s work (p. 261) and found that Ince was probably in error in 
rating galena in distilled water negative. 
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But. Xanthate ion forms with lead a ic soluble lead 
ad xanthate) than the carbonate. Hence potassium 
reacts with the carbonate, displacing the non-anchored ion and i 
ng un-ionized lead xanthate. (Lack of ionization is inferred from : 
the fact that a water-repelling coating is formed.*!) Pine oil contains no 
constituents that can decompose lead xanthate. Copper sulfate reacts 
with lead xanthate to form cuprous xanthate, which is less soluble than 
lead xanthate, but the reaction is very slow, due to the very slight 
solubility of the lead salt, and it is not unlikely that equilibrium is é 
reached with a large percentage of the lead xanthate unaffected. Hence g 
Me galena floats in the presence of the copper salt — fails to show Brown- i 
ian movement. 
; Sphalerite ground in air has a surface largely ZnSO, and ZnS,,0, 
(n/m < 4). In distilled water both of these salts are apparently too sol- 
__uble to produce Brownian movement. Sodium carbonate produces a 
coating of ZnCOs, the solubility of which is given in the books as from 10 
to 40 mg. per 1. This means an ionized and fairly closely held surface 
coating with consequent movement. Zinc cyanide is rated as insoluble 
and will precipitate from zinc carbonate solution, hence cyanide ion 
displaces carbonate ion at the sphalerite surfaces. But the fact of Brown- 
ian movement, on the hypothesis, indicates an ionized surface. Zine 
sulfate should have no chemical effect, except, perhaps, a small one on 
the solubility of the cyanide. Zinc xanthate with a solubility of 332 
mg. per I. will not, of course, replace the cyanide at the sphalerite sur- 
cs face, therefore no water-repelling coating can form and no flotation occurs. 

Copper sulfate stops Brownian movement of the sphalerite particles 
and renders them floatable with xanthate. This means, according to 
the new Brownian movement hypothesis, that the copper sulfate reacts 
with the surface layer of zine cyanide on the particles to render the sur- 
face either ‘insoluble in the copper solution or relatively highly soluble. 
We have not, at present, experimental determination of what the reaction 
is. Several plausible hypotheses may be built up on the known reactions of 
the various constituents present, however. One such follows: According 
to Mellor®? an excess of cupric salts reacts with soluble cyanides to form 
first cupric cyanide and then cuprous cyanide, both of which are rated 
as insoluble. On the assumption that ‘cuprous cyanide is less soluble 
than zine cyanide, copper sulfate would react with zinc cyanide giving 
a surface of zinc sulfate and a precipitate in the pulp of cuprous cyanide. 
The excess of copper sulfate would react with the sphalerite particle sur- 
face now to form cupric sulfide which either reacts directly with xanthate 
to form an insoluble and water-repellent xanthate surface, or the cupric 
sulfide first oxidizes slightly and then reacts. We have evidence of the 
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61 See Taggart, Taylor and Ince: Ante. 
62 A Comprehensive Treatise on Inorganic and Theoretical Chemistry, 3. 
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hydrogen sulfide. Comparative 
‘sulfide and cuprous xanthate are very close 
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and potassium xanthate, except that the fod ondtoan sept Stes 
be, is still soluble, as indicated by the movement of the particles, 
therefore, water-avid, which explains the lack of flotation. 


Quartz, which is in movement throughout, is thereby indicated i 
maintain a water-avid and, therefore, non-floatable surface throughout. . 
It is our opinion that, notwithstanding the care taken in preparation of — 


our sample, there was probably sodium silicate or sodium hydrate present, 

and that the motion which we observed first, in distilled water, was due 
to an ionized surface of sodium silicate, the silicate being the anchored 
ion and imparting a negative charge. 

It is interesting to note that the addition of lime és the quartz suspen- 
sion stopped the motion and rendered the particles electrically neutral. 
This indicates formation of un-ionized calcium silicate at the particle 
surfaces. 

Quartz, even though it is stopped by lime, will not float with kanthntes 
because the surface layer does not react to form an insoluble, water- 
repelling xanthate surface. 

Determination of the details of all of the chemical reactions at particle 
surfaces in a complex ore pulp would require long, slow and painstaking 
experimental work. Even under the simplified and controlled conditions 
of the laboratory, much remains yet to be done. But the accord of the 
experimental work thus far with the general hypothesis that chemical 
reaction is controlling in collection has been so remarkable, and the new 
hypothesis of Brownian movement has been so useful as a tool in exploring 
surface reactions, as to justify publication now, notwithstanding the 
uncompleted detail. 


SUMMARY 


1. It is postulated that, in flotation with soluble reagents, all phenom- 
ena governing collection are controlled through simple chemical 


°§ Determined by the collecting-index method of Taggart, Taylor and Ince: Ante. 


ee Er aanbiek oceurring ye the surfaces 
ffecte Evidence, thought to be conclusive, is offered _ 
) ypothesis. 


see eam mveneAt: 
te An alternative hypothesis of the mechanism of Brownian move-_ 
nent i is set forth, and-evidence in support thereof adduced. 

5. Complete correlation between Brownian movement and the 
lection phenomena in differential flotation of lead-zine-iron-silica 


a 


ie The use of Brownian movement and the new hypothesis as a 
powerful tool in the investigation of flotation phenomena is demonstrated. 
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DISCUSSION 


O. C. Ratston, Clarkdale, Ariz. (written discussion).—This is an important 
paper and the authors are to be congratulated on their development of methods that 
permit collection of definite experimental evidence to support a chemical reaction 

2 theory of flotation collectors, modifiers and activators. The theory is not new, as 


: sulfide filming was practiced commercially over 15 years ago, even in the dark ages of 
F ‘oil’ flotation. The use of copper sulfate as a flotation activator since 1911 has also 
| caused certain minds to carry a chemical reaction theory, but the definite experimental 
‘e support for chemical reactions as modifiers of mineral surfaces has been meager. 


The chemical theory has always attracted me but I still lack the courage of the 

~ authors when they state in conclusion 1 of this paper that ‘‘in flotation with soluble 

reagents, all phenomena governing collection are controlled through simple chemical 

‘ reactions...’ This is a great change from Professor Taggart’s former absorbing 

interest in adsorption. Such sweeping generalizations are always dangerous and 

almost invariably subject to limitation or modification. Let us not be swept away 
by these enthusiasts, no matter how acceptable their data may be. 

We are still faced by the fact that some mineral particles are water-avid, others 
air-avid, and that by properly modifying them they may be enhanced or diminished 
in desirable or undesirable avidity. Coatings on minerals must still be assumed to 
fall into three classes: ‘ 

1. A coating of immiscible oil. 

2. A layer of adsorbed substance. 

3, A chemically produced coating. 
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The older style oil flotation methods, until shown to act otherwise, probably did 
actually oil or grease the surfaces of certain mineral particles because of certain 
balances of interfacial tensions which favored selective greasing. However, these oils 
were not soluble and we must observe that Taggart et al. restrict themselves in their 
generalization to soluble collecting reagents. Frothing agents are not under discussion, 
nor insoluble collectors. 

With regard to layers or coatings obtained through adsorption, I believe the 
conclusion justified that most soluble collectors function mainly through chemical 
reaction and cases of adsorption only will be hard to find. Until all soluble collectors 
have been shown to function by chemical reaction, the generalization of Taggart is 
unsafe. Below, in discussing Brownian motion, will be found reasons why I feel 
Taggart does not entirely escape adsorption. : 

I notice on page 220 the statement that Gates and Jacobsen were the first to pub- 
lish evidence of chemical reaction between reagent and mineral particle under modern 
flotation conditions, having worked on the reaction between copper sulfate solu- 
tion and sphalerite. This reaction is not modern. Copper sulfate solution is acid 
in reaction and acid flotation circuits are now extremely rare. The reaction of 
copper on sphalerite was studied by myself and coworkers*® under modern conditions; 
i. e., alkaline circuit. The copper sulfate was fed into a lime solution and the effective 
copper compound was shown to be the copper hydrate—not the sulfate. We also 
showed the chemical formation of a film of cupric sulfide on the sphalerite under these 
conditions. Our work was not antedated by anyone else. Even Emmons’ exhaustive 
discussion of mineralogical chemistry, of which Taggart quotes five pages, does not 
antedate our work with copper hydrate. The Emmons compilation on mineralogical 
chemistry and the F. W. Clark volume on Data of Geochemistry have been suggestive 
sources of information to most flotation workers, but it is well to point out that the 
time intervals used in most of this geochemical research have been great in comparison 
with the time for reactions of importance to flotation. How can one feel safe in 
assuming that a reaction, reported by a geologist as having been allowed 72 hr. to 
produce a certain result, will take place in the 1 to 30-min. interval common to 
flotation work? ‘Therefore, the exclusion of our papers from Taggart’s review 
is regrettable. 

The fancied correlation between Brownian movement of mineral particles and 
their suitability for flotation is an instance of fallacious reasoning. We can restate 
in different words the finding of the paper: that particles possessing Brownian move- 
ment are not in condition for successful flotation. This may be true but one could 
also point to scores of other physical properties which if possessed by mineral particles 


unfit them for flotation. Inverse correlations are useful but should be displaced by use . 


of their reciprocal of direct correlations. Let us seek the direct correlation in this case. 
Particles displaying the Brownian movement have sufficient density of electric 
charge to be deflocculated, and on changing the electrolyte in contact with them 
in such a manner that the density of charge is sufficiently decreased, flocculation sets 
in, as pointed out by Taggart et al. Then flotation becomes easy. The correlation 
of flocculation with successful flotation concentration of the floatable minerals is 
probably 15 years old. One of the best mechanical and physical explanations of one 
way in which flocculation assists flotation was presented in an unnoticed and nearly 
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*%O. C. Ralston, C. R. King and F. X. Tartaron: Copper Sulfate as Flotation 
Activator for Sphalerite. See page 389. 
O. C. Ralston and W. C. Hunter: Activation of Sphalerite for Flotation. 
See page 401. 


“this paper Hare an aonare new ae to explain eerie oaions in 
i with what is called the classical theory. The statement of just what is the 
ssical theory is not clear, so it might be well to amplify it here. 

_ The classical theory is based on the kinetic theory of solutions. In accordance 
vith kinetic theory, the molecules and ions in a solution are in continuous movement 
ind frequent collision with each other and the walls of the containing vessel. A 
uspended mineral particle is bombarded on all sides by these ultimate molecular or 
tomic particles but the average number of impacts at any instant on one side will be 
ctly balanced by an equal number on the other side of the particle. For very small 
particles the area to be bombarded becomes relatively small and collisions fewer in 
_ number, until we might find an instant when say 1000 molecules or ions collide with a 
particle from below and 1001 of them collide with it from above. ‘The result will be 
an impulse in the downward direction. The next instant the particle may be knocked 
in the reverse direction or to one side. This is Brownian movement. It is possessed 
by only very small particles of ‘‘colloidal’’ dimensions. Parenthetically, it is not 
discernable on 95 per cent. or more of the solids in a flotation pulp because of their 
relatively large size. It is immaterial to the kinetic theory whether the bombarding 
corpuscles are electrons, ions, molecules or aggregates of molecules. Kinetic theory of 
_ solutions is based on such overwhelming evidence that it forms an acceptable basis for 
4 explaining any physical phenomenon and when an attempt is made to ignore kinetic 
theory or discredit it, the result is usually disastrous. So much for the case of motion 
' of the mineral particles. Let us now discuss the electric charges on them. 

The usual suspended particles of matter will be electrically charged. Bombarding 
ions from the solution might rebound from the particle surface or might stick to it, 
¥ temporarily at least. Some of the best accepted colloid theory assumes that ions of 
both electric signs and molecules do stick for at least a limited period of time on 
4 surfaces, and the condition is called ‘‘adsorption.” A large body of evidence proving 
be: adsorption has been built up. The reason for adsorption is based, according to Lang- 
muir, ® in the electromagnetic field of force that surrounds each of the atoms forming 
the surface of the suspended particle. These unbalanced fields of force hold molecules 
or ions that strike at favorable points in a favorable manner. Later the bound masses 
leave or are knocked off again. Some of the surface atoms of the mineral particle 
P itself may pass off as ions. If an excess of positive ions over negative ions is held on 
the surface, the particle will have a positive or a negative charge. Rarely does it 
happen that a surface will have-the property of attracting or retaining oppositely 
5 charged ions in exactly the same quantities. Also, different ions of the same sign will 

be adsorbed in varying amounts, as one would expect a difference kinetically between 
the behavior of a heavy lead ion and a light hydrogen ion. Therefore every soluble 
substance added to the solution in which particles are suspended will impose a new 
ionic condition on the solution and a new balance will be struck in the proportion of 
ions which are adsorbed. If the new balance can be made so that an excess of neither 
positive nor negative ions is held in the adsorbed layer, the particle is electrically 


64 W. H. Coghill and C. O. Anderson: Certain Interfacial Tension Equilibria 
Important in Flotation. U.S. Bur. Mines Tech. Paper 262 (1923). 

657. Langmuir: The Constitution of Liquids with Especial Reference to Surface 
Tension Phenomena. Met. & Chem. Eng. (1916) 15, 468. 


250 CHEMICAL REACTIONS IN FLOTATION 


neutral and is spoken of as being at its “isoelectric point.” The particles now no 
longer repel each other, as explained by Taggart, and can gather into floccules through 
the forces of interfacial tension, because there is the opportunity for a decrease in 
total surface energy. It is floccules which are easily floated. Why one should wish 
to abandon flocculation with its positive correlation to good flotation and study 
Brownian motion, which is concomitant with deflocculation, is difficult to understand. 
Figuratively speaking, in one we look at the doughnut and in the other we look at the 
hole in the doughnut. 

Let us now examine Professor Taggart’s new picture of the causes of Brownian 
movement. (1) The ‘bombardment’ or collision theory must be abandoned. (2) 
The unbalanced adsorption of ions from the solution must be abandoned. (3) All 
one needs to do is to assume that the mineral particles themselves ionize or lose ions 
into the solution and that motion of the particle is due to unbalanced vibration 
between the ionized and the unionized states. That is as clear as the authors make it. 
We must add a few implications. A suspended particle of sphalerite might lose a 
zinc ion to the solution, and this zinc ion will be positively charged, leaving the remain- 
der of the sphalerite particle negatively charged. (The same is possible by the 
classical theory.) Taggart insists that the motion of the mineral particle is due 
solely to the departure or return of ions generated from the particle itself. He thus 
uses kinetic theory as far as the ions are concerned but excludes arrival or departure of 
molecules as being effective. Also, if an ion collided with the particle surface but 
rebounded, Taggart woutd have to say its action was ineffective even though no other 
ion collided simultaneously with the opposite side of the particle. Only when that free- 
moving ion strikes the particle surface and is captured or remains, thereby changing 
the condition of ionizationon the particle, has an effective kick been given to the min- 
eral particle so that it moves. Also, let us picture the departure of the first zine ion 
from the surface of a sphalerite particle freshly suspended in a suitable liquid. Its 
departure seems to cause a back kick or recoil, if we properly interpret Taggart’s 
viewpoint. This is a sort of explosive ionization; improbable, yet it is necessary 
to the theory. 

Both the classical theory and the Taggart hypothesis leave the particle electrically 
charged but whereas the classical theory has electric charge due to preponderance 
of ions of one electric charge, whether from the solution or the particle itself, Taggart 
says the charge comes solely from ionization of the particle itself. Thereby he 
escapes having to assume any adsorption of ions on the particle surface. Apparently 
adsorption is now a hideous thought. 

The new hypothesis cannot escape use of the kinetic theory of matter but has 
to make the artificial restriction to kinetics of ions only and is forced to assume an 
explosive kind of ionization. As there seems to be a total lack of evidence to support 
this hypothesis it is probably best to leave to the physicists and physical chemists the 
problem of justifying it. 

The recorded behavior of different mineral particles in various solutions under 
the microscope may be accepted without its having to constitute proof of the new 
hypothesis nor need the new hypothesis be invoked in order to explain the observed 
phenomena. In the case of galena, if lead is the “anchored” ion, either theory 
explains how it came to be so. The solubility of the substances making up the 
particles and its effect on Brownian movement is of as much importance to one theory 
as to the other. Too soluble a substance supplies too many ions of both kinds to the 
solution immediately contiguous, so that it is hard to get a sufficiently dilute solution 
to allow an unequal number of moving ions or molecules to impinge on or leave 
opposite sides of a small particle at a given instant and thus cause its movement. 

In connection with the hypothesis of a correlation between a certain range of 
solubility and Brownian motion of a particle of substance, it would be interesting 
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special expensive illuminating apparatus? 


Tee FP. 'Cranr; Gard, France (written discussion). —I have followed Professor 
iweart’s work with great interest and appreciation. The general trend of his 
observations seems to point to chemical exchange reaction at mineral surfaces as the 
_ mechanism whereby collectors are attached thereto. It would seem also from his 
_ work that this attachment reaction takes place best on sulfide surfaces which are not 
entirely pure but which rather have been preliminarily filmed by oxidation—in other 
words, that the attachment reaction takes place best on oxide surfaces. He believes 
this is further verified by the more extensive and even visible attachment which takes 
place on oxide mineral surfaces as compared with sulfide surfaces. - But this type of 


attachment does not lead to good collection, or oxides would float better than sulfides; 


nor does it explain the attachment of trivalent nitrogen compounds, as Professor 
Taggart himself has pointed out. 
I cannot therefore yet agree that direct chemical exchange reaction is the true 
explanation of attachment of collectors to minerals in so far as such attachment leads 
_to collection and recovery by flotation. Fully admitting that this type of attachment 
does often take place, I regard it as actually detrimental to good collection and a mere 
wasteful consumer of reagent. The type of attachment: that leads to collection is 
something different. It is a union of peculiarly bound valence bonds at the mineral 
~ surface and in the reagent, probably without actually disrupting the already existing 
structures. Possession of such peculiarly free valences makes a reagent function as a 
collector, and it makes a mineral “collectable.” The “collectors” and the ‘‘col- - 
lectees” are strangely alike in some respects. On the side of the minerals, it would 
seem that this property is characteristic of atoms of elements or simple molecules 
formed of any elements except oxygen and the halogens; e.g., metal arsenides, carbides, 
hydrides and sulfides. 
The attachment of collectors on to oxide mineral surfaces, which leads to good 
flotation recovery, must be brought about by preliminarily modifying these surfaces 
into compounds such as are mentioned above. The reagent collectors can then adhere 


in the proper type of attachment. This form of preliminary coating however is 


ineffective on silicates where a silica skeleton probably persists as the outermost 
shell. _Nor does formation of soaps on oxide mineral surfaces make a suitable base 


for “collector” attachment. 

It seems to me that Professor Taggart is on the right trail toward correct elucida- 
ion of these phenomena but that the readily available explanation of exchange 
reaction leads away from the truth. I shall continue to follow his work with 


keen attention. 

A. W. Faurenwatp, Moscow, Idaho.—What was the size of grains used in 
your Brownian movement experiments? 

A. F. Taaegarr.—About 2 to 15-30 micron. We work at about 2500 to 3000 
diameters. 


Bs a will eee occur ee bid ee i 
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will not float. The surface must be closed up, as it were, and ionization . 
stopped, before there is any possibility of the surface being water-repellent. E 
after the surface is closed up, it is not necessarily true that the particle will floa 
because unless the closure has been effected by means of an ion that is water-repe 

the hydrocarbon ions from organic flotation agents, for instance, the surface ha 
been rendered merely insoluble, not water-repellent. If, however, it has been el 
with such a hydrocarbon ion, it will float. There may be, however, failure to float. 
without Brownian movement, indicating, of course, that the surface is more soluble 
than will give Brownian movement. aati 
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_ A. W. Faurenwatp.—Then Brownian movement is an indicator of whether oe ; 

grain possibly will float or will not float? i 
A. F, Taaegarr.—lIt is an indicator that it will not float. 

A. W. Fanrenwatp.—Conversely, then, substances that are non-wettable 

do flocculate. , 


A. F. Taaaart.—Yes, they will flocculate, but other substances will flocculate: 
that is, they need not be non-wettable in order to flocculate. 


A. W. FaurenwaLp.—Professor Gaudin, of the School of Mines at Butte, 
Montana, says that sphalerite in clean water is not floated by xanthates.®® Pre- 
sumably the whole explanation is that zinc xanthate is too soluble. How does 
this fit into your movement and solubility theories? 7 


A. F. Taaeartr.—lIf the surface solubility exceeds somewhere between 30 and 40 
mg. per liter, there is no Brownian movement. “3 


“f 
F. G, Breyer, New York, N. Y.—When you say that the solubility goes so many 
grams per liter, do you mean that that is the solubility reported in the textbooks? 
A. F. Taacarr.—tIn some cases it is and in some cases it is not, in these that 
I have given. * 


F. G, Breyer.—Have you not found that the total amount of material in solution 
in the water depends on the amount of surface exposed as a consequence of crushing? 


A. F. Taccarr.—You are getting into something that I do not know much about 
The solubilities that I have been talking of are solubilities that are determined when 
we take the substance itself and attempt to get it into solution by any one of a variety 
of means, but I do not know whether the solubility of lead xanthate at the surface 
of a lead sulfide particle is the same as the solubility of lead xanthate prepared inde- 
pendently and then put into the water. 

The figure that I have given for solubility of the lead xanthate is, of course, 
based on a determination of the solubility of lead xanthate independents prepared. 
eee ee ee 


66 See page 417. 
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ie sie F. Taceartr.—Very true. We have become suspicious of all the published 
“af solubility figures. . 
(i 


F. G. Breyer.—When you have reduced a material to below 10 microns, the 
published solubilities have no significance whatever. They have all been made with 
aa much less surface exposed to solution by the suspending medium. 


A. F. Taceart.—If our theory of the Brownian movement is correct—that it is 
due to an ionized surface—then our observations are confirmation of that statement. 
When we put silica into distilled water under a microscope the particles are immedi- 
ately in motion. We prepared silica by taking quartz as pure as we could get, soaking 

if for several days in a chrome-acid cleaning solution, then washing it in running 

_ tap water for a term that ran into weeks instead of days, then in distilled water, then 

sa grinding it in a porcelain mill and then igniting it in a muffle just short of the fusing 

temperature. It was free of at least the bulk of outside substances and yet that 

ce stuff was in vigorous motion; also, the solution that it was in had 4 pH above that of 

4 ordinary water. We think what happened there was that the glass of the side and 
cover went into solution to give a sodium silicate. 


F. G. Breyrr.—lIs this answer to Professor Fahrenwald’s question reasonable? 
Assuming that the several minerals have been mechanically broken one from another, 
the first thing sought is a dispersing means that will put all the particles in active 
Brownian movement. This movement will keep them separated one from another. 
Then a flocculating agent is sought, which will flocculate the minerals only and 
will flocculate the bubbles of air with the mineral flocculate, so that the whole business 
will go up to the top. 


A. F. Tageart.—That is about what we get by our collecting agent, although © 

T do not think that flocculation is at all an essential; I think it is merely an indicator. 

_ Ag soon as you stop the Brownian movement by rendering the surface too insoluble 

for Brownian movement, that means that there is no longer an ionized surface; 

yg particles no longer are charged electrically therefore. Hence there is no longer any 

tendency for them to keep apart. Watching them under the microscope we see 

that there is no tendency for them to pull together at all; whenever a couple of them 

a bump together, they stick, but apparently it is a mechanical Seclnegg 2 that brings 
i them together. 


A. W. FanRENWALD.—What would you expect to find in the way of Brownian 
movement of pulverized quartz in hydrofluoric acid solution where the solubility 
is considerably greater than quartz in water? 


A. F. Taagart.—What is the solubility of the surface, do you know? 


= > 


ie W. FanRENWALD.—No, I do not, but it is much greater. 
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A. F. TacGarr.—Our experience is that if it exceeds between 30 and 40 mg. per 
liter, there is no Brownian movement. We have been working with other things 
that have nothing to do with flotation, and usually we can put the particles into 
Brownian movement if we can get the surface within that solubility. 


F. G. Brryer—Am I correct in saying that unless the flocculating tendency is 
sufficient to keep the particles together when they are mechanically brought in contact 
the air bubbles will not attach to the flocculates? 


A. F. Taccart.—I think that would follow, but not by reason of any connection 
with the flocculating tendency. If the particles are to stick to air bubbles, they 
must be coated with an organic compound which has a water-repellent hydrocarbon 
end, and if they are going to be thus coated, the surface is likely to be soluble to an 
extent of less than 1 mg. per liter. Under those circumstances, flocculation will 
oceur. I do not think that it works the other way; that you coat and flocculate 
and then float because of the flocculation. You can float because of the insoluble 
water-repellent coating, and you can flocculate because of the insoluble water-repellent 
coating, but they are independent phenomena. 


F. G. Breypr.—I was thinking of an analogy. A dry pigment, for example, 
without any differently ended molecules stuck on the surface-of the particles is 
flocculated. If there is no dispersing agent in the water in which it is suspended the 
air bubbles within that flocculate will float it. 


A. F. Taaegart.—But they are there from the beginning. 


F. G. Breyer.—It is analogous. A flocculate of very heavy dense zine oxide 
particles, for example, with a specific gravity of 5.5, will float because of the air 
bubble or pocket within. That is my picture. 


A. F. Taaearr.—You started from a different place there. You put an already 
finely ground dry pigment into oil or into water. We put a coarse mineral into water 
and subdivide it under water and subsequently attach the air to it, which is quite a 
different thing. You cannot attach the air to it if it is of the same nature as the 
pigment without the liquid-repellent molecules. 


W. L. Zeiaurr, Wallace, Idaho.—It seems reasonable to suppose from hearing 
Professor Taggart that the finer the particles are ground, the more active the chemical 
action willbe on the surface, yet in actual practice we find that when the minerals 
are ground extremely fine, we lose flotation; and I think that we can prove by tests 
that overgrinding—grinding for an extreme length of time—will absolutely ruin 
flotation. In actual practice we have that condition with the natural slimes. I 
cannot exactly correlate the chemical action into the action we get in practice. I 
would like to ask Professor Taggart if he has anything on the subject. 


A. F. Taccarr.—I do not think that it follows that chemical reaction per unit of 
surface varies at all with the fineness of grinding. The aggregate of chemical reaction, 
of course, if that reaction is with a surface compound, will increase with the increased 
surface. Ido not know the answer to the question of overgrinding. Ihave an idea, 
however, particularly when you tie it up with the primary slimes. It goes back to 
some work that we did several years ago on the slime coatings at sulfide mineral 
surfaces. This, for instance, is an experimental fact: that galena in a distilled-water 
suspension of quartz is not coated with quartz but that the addition of a small amount 
of lime to the solution will cause the galena to be coated with a firmly adherent layer 
of quartz particles of such a thickness and effect that an air bubble will not stick to 
galena particles in the presence of a collecting agent. On the other hand, a galena 
particle in a distilled-water suspension of slime from a run-of-mine ore from Anaconda 
is coated similarly with the slime particle so that a bubble will not adhere to the 


is substan ily as. ah as my Hperlaonts knowledge on the abies goes. 
Ww that,’ in general, when the surfaces of the sulfide particles are slime-coated 


have a suspicion that if you will keep the primary slime out, you can’ grind the 
neral as fine as you want to and still float it. Gaudin’s experiments with pure 
1inerals at Utah would seem to indicate that, because he ground and classified so 
that he was working pis eee 200 and what he calls 600 mesh and he got 
‘satisfactory flotation. a 


Ww. -L. Ze1eLeR.—In mechanical grinding, it is a question whether we can grind 
ee “such particles so fine. : 


A. F. Taeeart.—It may be that overgrinding merely means that a sufficient 
aot of time has been given to get a thorough and complete slime coating on the 
sulfide particles and also to use up completely by reaction with*the various con- 
3 stituents in the ore the particular reagent that has been put in to prevent the slime 

coating, and that will for a short time prevent it. 


W. L. ZereLer.—We can take the slime and have that difficulty with it or over- 
grind the material and still get the same condition. 


- A. W. Faurenwaup.—I think probably Professor Taggart’s guess is correct, 
that if the primary slime is removed there will not be any flotation difficulties from 
overgrinding. We have made a number of grinding and flotation tests on a lead-zine 
ore, the time of grinding being the variable. The metallurgical results of all the 
tests were equally good. 


= R. W. Lawrence, Kenvil, N. J. (written discussion).—This paper, particularly 
the ingenious hypothesis for the Brownian movement, interested me considerably. It 
seems to me, however, that the authors in proposing their hypothesis have neglected 
a study of the rather voluminous literature on the Brownian movement. Further- 
‘more, one cannot help feeling that the data adduced in support of their theory are 
somewhat conflicting and support the kinetic theory of Brownian movement rather 
than that of the present authors, and beyond this there is a certain weakness in the 
theory they propose. 

It was shown by Jevons®’ that the addition of small quantities of an electrolyte 
caused the disappearance of the Brownian movement in certain cases investigated. 
However, Svedberg found that by taking sufficiently dilute suspensions in which 
the collisions between particles were infrequent the Brownian movement was not 
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F affected by the addition of electrolyte.*® This experiment shows that cessation 
n of the Brownian movement is caused by flocculation of the particles and that when 
the suspension is sufficiently dilute the particles do not collide often enough to per- 


mit of agglomeration and therefore the phenomenon is not affected. From this 
it appears that it is essential to show conclusively that flocculation cannot or does 
not take place before it can be shown that the electrolyte has any direct effect on 
the Brownian movement. 

The experiments which have been brought forward in support of the proposed 
hypothesis are as well or better explained by the old kinetic theory of the phenomenon. 


67 W. S. Jevons: On the So-called Molecular Movements of Microscopic Particles. 
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From the experiment on page 240 it cannot be said that an individual particle of such 
and such size, which was not altered during the experiment, ceased the Brownian 
movement in sulfuric acid and commenced it in sodium carbonate solution. On the 
other hand, the particles behaved just as they should have on the classical theory. 
“They first slowed down’’—due to adsorption of very small particles by larger ones 
through collisions—‘‘seemed to settle”—because of their increased mass—‘‘strike 
bottom . . . , but eventually each settled down and stopped.” It seems very likely 
that the larger particles might grow rapidly by accretion of smaller, perhaps unresol- 
vable particles. This would account for a slowing down and eventual stopping of 
the movement. 

On page 241 it is stated that flocculation occurred in acidified water and that the 
floecules were dispersed or partly so in sodium carbonate solution. This, of course, 
supports the classical theory. It simply shows that the material flocculates in dilute 
sulfuric acid and disperses in dilute sodium carbonate solution. Hence, sufficiently 
large particles do not show the Brownian movement and settle out of solution while 
small dispersed particles show the phenomenon in accord with the kinetic theory 
of the Brownian movement, On page 244 it is stated that galena, sphalerite and pyrite 
were flocculated and motionless in distilled water but were dispersed and in movement 
in sodium carbonate solution. Again the large flocculated particles are too big to 
be in movement while the small dispersed ones are in movement. No action of the 
electrolyte other than that of dispersing agent is required to account for this behavior. 

It is stated that ‘“‘the suspension of the visible particle is due to the mean pull 
on it of the surrounding swarm of free-swimming ions, which are in turn maintained 
dispersed by whatever forces induce ionic solution.” It is difficult to understand 
why the mean pull of these free-swimming particles should be any more likely to 
draw the particle into the solution than out of it or why the mean pull should not be 
zero. It is also doubtful that any momentary unbalanced electric field caused by the 
ions would be great enough to have any effect on any particle as large as these under 
discussion (say of the order of 1 or 2 » in diameter) or sufficient effect to produce the 
Brownian movement. Nor can this theory explain the results obtained by Perrin®® 
on the distribution in a gravitational field of particles in suspension. He was able 
to show that at equilibrium the decrease in concentration of the particles from the 
bottom to the top of a solution varies in the same manner as the decrease in density 
of a gas with increasing height. He showed that the particles of a very dilute 
emulsion distribute themselves under the influence of gravity in the same numerical 
fashion as do the molecules of a gas or of a dissolved substance; and that therefore 
the Brownian movement corresponds entirely to the molecular movement required 
by the kinetic theory. 

It is very probable that the kinetic theory of Brownian movement can be adapted 
as readily to the study of flotation processes as that proposed in the paper. It is 
very likely that a study of Brownian movement’ will enable a determination of the 
proper conditions to produce a particle size which will permit of flotation. 


T. J. Hoovmr, Stanford University, Calif. (written discussion) —This paper is a 
valuable contribution to applied science. For the purpose of completeness in the 
references to the work of predecessors, there should be added the work of Lieutenant 
G. J. Frost in 1914, account of which is given on pages 283-287 of Concentrating Ores 
by Flotation, 3d Ed., The Mining Magazine, London, 1916. 


A. F. Tagearr, T. C. Taynor, A. F. Known (written discussion).—It is flattering 
to authors for their work to arouse such interest as is evidenced by the heat of Mr. 


° J. Perrin: Mouvement Brownien et Réalité Moléculaire. Ann. de Chim. et de 
Phys. [8] (1909) 18, 5. 
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Ralston’s discussion. And were Mr. Ralston’s warmth a reliable indicator of the 
acuity of his study, the authors would welcome the discussion as clarification of their 
efforts at exposition and confine their reply to simple thanks. But unfortunately 
this is not the fact. Mr. Ralston’s contribution contains so much that needs correc- 
tion and elucidation that, since we provoked the storm, we must assume the burden 
of clearing up a part, at least, of the debris. 

First, the more obvious things. We state no ‘Conclusion 1,” but in paragraph 
1 at page 246 under the heading ““Summary,”’ postulate an idea which is carefully 
and specifically labeled hypothesis. We think the evidence adduced convincing. 
We even think enough of the hypothesis, on the data so far unearthed, to print it in 
italics on page 219. If that is courage, as Mr. Ralston so defines, we confess to it; 
if foolhardiness, we stick to it. But in neither case do we dignify the idea beyond 
what is implied in the designation ‘‘hypothesis.”’ 

Inconsistency of attitude on the subject of adsorption in flotation is attributed 
to one of the authors. We do not exactly know the purpose of this part of our critic’s 
outpouring. If he sets it forth as discovery, it seems to us an indication of not too 
acute reading on his part. Because our paper, on the first page, calls attention 
to this very change. We are no longer willing, as our critic seems to be, to adopt the 
ostrich attitude of thinking that because we name a certain set of observed phenomena 
adsorption, we have thereby explained them. We may yet in the future, in moments 
of forgetfulness, use the word in the restricted sense of our modified definition. But 
when we can talk in terms of greater knowledge, as we are able to do with respect 
to the abstraction of dissolved collecting agents by sulfide mineral particles, we 
shall do so. 

Mr. Ralston states: ‘ . . . some mineral particles are water-avid, others air- 
avid...” The context indicates that he refers to the minerals as they occur 
in nature, uncontaminated and unmodified by handling. The profession should be 
indebted to anyone who can show this conclusively. Experiments have been carried 
out over the past 15 years in the laboratory of one of the authors seeking to demonstrate 
the truth of this subject. With the knowledge thus acquired we lack our critic’s 
courage. What we know is that whenever we have produced a surface of metallic 
luster which we were sure was uncontaminated by organic matter, that surface was 
just as water-avid as a clean quartz surface. On the basis of experience we would 
replace Mr. Ralston’s dogmatic assumption with the postulate that some mineral 
particles become contaminated with organic matter—oil from rock drills, crushers 
and the like—with amazing ease, and thereafter display distinct water repellence, 
while other minerals are not readily so contaminated and are correspondingly 
easily water-wetted. 

Mr. Ralston falls into an error in reading, and likewise, apparently, into one of 
fact, when. he discusses priority in connection with copper sulfate and sphalerite. 
Our paper does not state that Gates and Jacobsen were, but that they “seem to have 
been the first. to publish evidence of chemical reaction between reagent and mineral 
particle under modern flotation conditions.” (Italics ours.) It goes on to tie this 
work in to copper sulfate and sphalerite. So much for the way the statement was 
made. We stick to it in the face of our critic’s evidence. His cited prior publications 
are dated 1929; the Gates and Jacobsen article was printed in 1925. 

Tf Mr. Ralston is making the point that the reaction of copper sulfate with the 
surface of sphalerite particles depends on first rendering the copper into hydrate, 
that is another matter. On that, as a fact, we should like further evidence. It 
has no bearing, however, on the matter at present under discussion. 

As to our failure to include in our review the papers that Mr. Ralston cites, 
the omission was based on the facts presented in our footnote 53, which discussed part 
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of another paper on similar work, for which work and paper Mr. Ralston was, pre- 
sumably, primarily responsible. 

Mr. Ralston, scorning our correlation between Brownian movement and flotation, 
says that ‘‘one could also point to scores of other physical properties (than Brownian 
movement, presumably) which if possessed by mineral particles unfit them for flota- 
tion.’ We are irresistibly reminded of the little girl who would not eat her rice 
pudding. Her fond mamma urged upon her attention ‘‘scores of little girls who 
would love to have it.” The youngster, from a fact-requiring heritage, retorted: 
“Name three.” In this instance, we double for the little girl. 

We turn next to the “correlation of flocculation with successful flotation con- 
centration,’ which Mr. Ralston says ‘‘is probably 15 years old,” and for adherence 
to which he pleads. If such correlation is merely the inverse of the correlation with 
Brownian movement which we have set up, and Mr. Ralston so asserts, well and good. 
It then serves as further corroboration of our observations. But there it stops. It 
and its proponent offer no explanation for the parallelism with flotation phenomena. 
We postulate that collection through the agency of dissolved reagents is due to simple 
chemical interchange; that Brownian movement is connected with the same or related 
chemical phenomena; and that the scientific basis of our correlation lies therein. We 
find nothing in Mr. Ralston’s discussion to weaken our confidence in the rigor of 
the reasoning. We shall discuss his correlation more at length later. 

We might, we think, question our critic’s success in clarification of our statement 
of the classical theory of Brownian movement. We admit that he uses more words. 
But when he asserts as a fact that Brownian movement ‘‘is possessed by only very 
small particles of ‘colloidal’ dimensions” (the tautology is his) and “‘is not discernable 
on 95 per cent. or more of the solids in a flotation pulp because of their relatively large 
size,”’ he leaves the realm of opinion and ventures, presumably, into the field of fact. 
Then we become interested. We should like to know what sizes he sets as covering 
the colloidal range. We have observed Brownian movement of sphalerite flocs 15 
by 24 uw in the dimensions visible, which is considerably beyond what most investi- 
gators acquainted with the subject class as the upper size limit of the colloidal range. 
We think it logical to conclude that the chemical state of the surface of particles 
of a given substance larger than this is the same under the same conditions as that 
of the smaller particles of the same substance. Hence we do not see how it affects 
the question, even if it were true, that ‘‘95 per cent. or more of the solids in a flotation 
pulp” are too large to move. ‘The state of their surfaces is the same as that of their 
smaller companions, and is indicated, within the limits set forth in the main paper, 
by the behavior of the smaller particles. 

We are accused at one place in the discussion of “ignoring” the kinetic theory 
in our new hypothesis and warned of the danger of such neglect. Later we are told 
that “the new hypothesis cannot escape use of the kinetic theory ...” It is 
too confusing. We would have to change sides as often as our critic to answer this 

The paragraph in Mr. Ralston’s discussion which paraphrases from an excerpt 
from Langmuir’s classic paper on the Constitution of Solids and Liquids what the 
critie conceives to be what Langmuir said on adsorption is an example of the sins 
that are committed in that name. Langmuir, of course, had a clear idea of what he 
was writing about and used his words precisely. But the paraphrase starts by defining 
“adsorption”’ as a condition, instead of an act, which is not by any means Langmuir’s 
use of the word. It then goes on to state as facts, or to attribute to Langmuir as 
statements of fact—it is impossible to tell which is the intent of the critic—a number 
of things which are purest postulate. Nobody would quarrel with the critic or with 
anyone else who thus qualified these statements and set them up as his credo. But 
as they stand they are misleading. For the sake of those who come to the subject 
more or less as beginners, we suggest that if such a reader will number the sentences 
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consecutively in Mr. Ralston’s paragraph beginning: “The usual suspended parti- 
cles . . . ” (page 249), he should then read them as follows: 

1. Most, if not all, discrete particles that will remain suspended more or less 
indefinitely in a fluid medium will migrate in an electric field. This indicates an 
electrical charge on such particles. 

2. This sentence is already supposition. Certainly, if an ion did bombard such a 
particle it might stick or it might bounce off. It might also smash, or penetrate, or 
even, as the critic later postulates, explode. (We will take up this idea at another 
point.) It might, apparently, do anything that sweet fancy can encompass. How- 
ever, there are no facts in this sentence, so let us pass on. 

3. If anyone can make sense out of this sentence, let him test its truth himself. 
We have had to give it up. But whatever it means, it is not as well accepted as the 
critic implies in his characterization. 

4. We question the word ‘“‘proving”’ in this sentence. Substitute ‘of.’ Then 
use the definition of adsorption from page 217. 

5. See the original Langmuir article. It is a classic. 

6, 7. See whether Langmuir said these things as facts. 

8. This, properly stated, we have given strong evidence for. Not that an atom 
passes off as an ion, but that the salts at the surface of the mineral particles ionize, 
one remaining anchored and thereby causing the particle to act as if charged, the other 
migrating into the solvent. 

9. This, of course, is a part of our statement. 

10. We agree with this whole-heartedly. 

11, Apply our definition of adsorption. 

12. We could all stand some evidence on this point. 

13. This likewise. Mr. Ralston would do a service extending far beyond the art of 
flotation, if he could contribute something more than words here. 

14. Modesty forbids comment. 

15. This statement as it stands is not fact. Galena particles can be flocculated 
by adding a soluble chromate or dichromate. But the floccules cannot be thereafter 
floated with alkaline ethyl xanthate, or anything else, so far as we know. The new 
hypothesis explains this. Lead chromate and dichromate are substantially as slightly 
soluble as lead ethyl xanthate. The chromate coatings are not water-repellent and 
do not, therefore, effect collection. They are not replaced by an ethyl xanthate or 
similar coatings. Hence flotation of such floccules is impossible. 

16. Comment 15 only partly answers this rhetorical question. Further, so far as 
the authors are concerned, they prefer a correlation which appears to have a basis 
in familiar chemical phenomena. 

17. We'll take the hole—we can see further through it. 

We should like to make it clear that ‘explosive ionization,’ which Mr. Ralston 
postulates on page 250, is his own conception—at least so far as we know. As such, 
it holds a unique position in his discussion. 

Mr- Ralston asks us to explain the motion of a particle of colloidal gold in distilled 
water. We are more or less familiar with what is probably one of the most extensive 
researches on colloidal metals that has been made. Specifically with respect to gold, 
it cannot be suspended as a colloid in distilled water by any means now known. 
Beans and Eastlack”? published a summary of their work on this subject showing that 
finely divided gold produced by arcing under water (Bredig method) could only 
be made to remain dispersed, 7. e., to assume the colloidal state when the water con- 
tained an electrolyte of which one of the ions was one with which the gold could unite 


70H, T. Beans and H. E. Eastlack: The Electrical Synthesis of Colloids. Jnl. 
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chemically, e. g., chloride or bromide. Nitrate, sulfate, etc. were ineffective. So 
we cannot explain the particular thing that Mr. Ralston asks about, because, so far 
as we know, it does not exist. 

But colloidal gold suspensions formed by arcing in a dilute solution of potassium. 
chloride, for example, are explained under our hypothesis as gold particles with a 
coating of potassium chlor-aurate, ionized to an unknown extent, the negative chlor- 
aurate ion being the anchored ion. The experimental fact that such a suspension is 
thrown down by an excess of potassium chloride is explicable, under the mass-action 
law, on the ground that the excess of the common ion, potassium, forces back ionization 
of the chlor-aurate until the number of ionized molecules on the surface of a given 
gold particle is so small that there are not enough free-swimming units attracted to a 
given particle to hold it up, nor a strong enough negative charge to repel other gold 
particles that approach. 

We would ask that this explanation be substituted, in this connection, for Mr. 
Ralston’s incorrect application of our hypothesis to the problem. 

It is regrettable that we must answer to Mr. Ralston’s query about positive gold 
sol the same thing that we answered as to negative sols in distilled water—we do not 
know of any. We presume, however, that he refers to the sol reported to have been 
made by chemical precipitation in the presence of an aluminum salt. This, like 
the negative gold sol, has been investigated thoroughly, and it has not been shown 
that it was anything else than aluminum hydroxide sol with gold mixed with the 
aluminum precipitate. 

There is nothing theoretically difficult, however, in the idea of a positive gold sol. 
All that is necessary is to find a simple salt of gold whose solubility falls within the 
range of 1 to 80 mg. per liter and which ionizes in solution. Then form this salt.on the 
surface of very fine particles of metallic gold. Our experience with a considerable 
number of suspensions points that under such conditions the gold particles would 
migrate to the negative pole in an electrical field. 

As to Mr. Ralston’s concluding rhetorical question, we answer: If the assumption 
therein is correct, why not? But we search Mr. Ralston’s contribution in vain for 
one iota of, evidence of such correctness. We are reasonably familiar with the field 
ourselves, and know of no such evidence. 

Mr. Lawrence’s attempt to correlate the facts of the experiment described on pages 
239 and 240 with increase in mass of the particles overlooks the important fact that 
the fields examined, like the field pictured (Fig. 4), all contained particles of a size 
range of several diameters of the smallest particle resolvable. Hence any unresolvable 
increase in size of the smallest particle, such as. Mr. Lawrence postulates, would still 
leave that particle of a mass far smaller than that of the largest particle in the field, 
And since the largest particle was in active motion prior to the addition of sulfuric acid 
if the only change in respect of the smallest was one of mass, it should move in the 
presence of the acid. But it did not. 

It is freely admitted that the proposed hypothesis has not been applied to all of 
the various phenomena of colloids, and hence that such a one as the classical. experi- 
ment of Perrin may be posed without present answer. But the fact, asserted.in the 
paper, repeated in the preceding paragraph, and now reasserted, that particles in 
Brownian movement may be stopped by the addition to the suspension of minute 
amounts of electrolyte, without flocculation or visible change of mass, and started 
cer a the further addition of a minute amount of another electrolyte, without 
deflocculation or visible change in mass, the am S i 
being far below what will aa moana a pire pas 

: scosity of the suspending 
fluid, casts almost conclusive doubt on the molecular-bombardment theory. 


A Study of Differential Flotation 


By C. R. Incz,* New York, N. Y. 


(New York Meeting, February, 1929) 


Tue term “differential flotation” is used to denote a flotation opera- 
tion in which separation is effected between two or more minerals of the 
same class; e. g., lead sulfide from zine sulfide, pyrite from blende, chalco- 
pyrite from pyrite, chalcopyrite from blende. 

At present, so far as published work shows, there seem to be two 
theories as to the mechanics of differential flotation. The earlier and 
more generally accepted theory is that the so-called depressing agents 
alter the surface of one or more of the sulfides in the ore, either by chemi- 
cal action or adsorption, so that it is no longer amenable to flotation, but 
that these depressed sulfides can be revived, after the unaffected sulfide 
has been floated, by reagents which react chemically with the altered 
surface and make it amenable to flotation. More recently, Professor 
Taggart! has advanced the theory that slime adsorption is an important 
factor in differential flotation. He believes that, with the proper use 
of a class of agents, which he calls dispersion agents and which include 
practically all the depressing agents, one can cause the slime to adsorb 
differentially on sulfide surfaces. A gangue-slime coated sulfide surface 
will act as a gangue particle and will not float. If, subsequently, 
an agent that will remove the gangue-slime coating is added, the 
sulfide again assumes its original surface and can be floated as an 
ordinary sulfide. This is the basis of the slime theory of differential 
flotation. 

Timber Butte mill at Butte, Mont., is a typical lead-zine flotation 
concentrator. Neihart ore, chosen for investigation in this work, is 
one of the custom ores treated at that mill. Practice at Timber Butte 
mill in February, 1928, was as follows: A combined lead-zine concentrate 
was first made using 0.2 lb. per ton on the ore of potassium xanthate 
and 0.03 lb. per ton of Cleveland Cliffs oil after 1.5 lb. per ton of lime 
and 1 lb. per ton of calcium chloride has been added just before the ball 
mill. The concentrate was then thickened to 70 per cent. solids. Potas- 
sium cyanide to the amount of 0.3 lb. per ton and zinc sulfate in the 
quantity of 0.5 lb. per ton were added to the thickened pulp and the whole 
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heated to 140° F. in wooden tanks for a period of approximately 14 hr. 
After the conditioning period the pulp was diluted to 50 per cent. solids 
and treated, usually by pneumatic cells in which the lead sulfide was 
floated. The lead tails were then conditioned with 1 to 2 lb. per ton 
of lime and 1 lb. per ton of copper sulfate. A zine float was made from 
this conditioned pulp using 0.2 Ib. per ton of Barrett No. 4 and 1 Ib. 
per ton of Aerofloat (25 per cent. P2Ss). 

Field practice seems to indicate that heating and time of conditioning 
are interchangeable. At Anaconda, in the zinc-lead concentrator, 
heating was dispensed with entirely but the length of time of conditioning 
averaged 3 hr. At International Smelting Co., Tooele, Utah, the lead- 
zine concentrate was heated only to 80° F. and the time of conditioning 
varied from 1 to 1% hr. 

Professor Taggart defines dispersion agents as substances which, 
when added to an ore pulp, affect the state of dispersion of the gangue 
particles and at the same time change the extent to which these particles 
adsorb at sulfide-particle surfaces. Depressing agents, according to the 
same authority, are substances that are used to lessen the floatability 
of one or more of the minerals of the ordinary floatable class. It is 
apparent from these definitions that there will be members of the class 
of depressing agents that will fall under dispersion agents also. Those 
that hold to the slime theory of differential flotation therefore include 
alkaline cyanides, zine sulfate and copper sulfate as dispersion agents 
as well as depressing agents. Conserving agents perform the function 
of protecting the other flotation agents from attack by substances present 
in the ore pulp—usually soluble salts. 

According to this classification, lime is a dispersion agent. The 
writer has performed numerous tests which show conclusively that 
when added to an ore pulp it affects the state of dispersion of the gangue 
particles and also the extent to which they adsorb on sulfide-particle 
surfaces. Calcium chloride is a conserving agent. The fact that the 
amount of calcium chloride used at Timber Butte mill depended on 
the analysis of soluble salts in the mill water indicates this function. 
Potassium cyanide and zine sulfate are depressing agents. The writer 
is inclined at this point to leave them strictly in that class and not 
include them under dispersion agents also. The evidence for this 
inclusion is too slender. The writer has never been able to cause the 
removal or adsorption of a slime on a sulfide-particle surface by the 
use of these reagents alone. 

The following tests were performed in the course of the investigation. 
Their arrangement in series is to draw together for presentation the tests 
relating to the same phases of the work. 
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Series I.—GANGUE-SLIME CoATINGS 


The procedure in all slime tests, unless otherwise noted, is that 
described under slime coatings in another paper. presented at this 
meeting.’ elt 

Two particles apiece of galena and sphalerite were treated in a Neihart 
ore pulp consisting of 200 g. of freshly ground —65-mesh ore and 800 c.c. 
of distilled water. After 5 min. agitation, one particle of each sulfide 
was removed and prepared for examination under the microscope. Fig. 
1 is a photomicrograph of the galena surface at 200 magnification. Fig. 2 
is the sphalerite surface under the same magnification. Both slime 
coatings are distinct and fairly uniform in character. The sphalerite 
slime coating appears to be slightly heavier. At 480 magnification the 


Fig. 1.—NEIHART ORE PULP, GALENA  FiG. 2,—N®EIHART ORE PULP, SPHALERITE 
SURFACE, X 200. SURFACE. XX 200. 


slime coatings were found to be individual grains, irregular in shape and 
appearing brown by reflected light. 

A sample of the slime was pipetted off and examined under the 
microscope. It was found to be dispersed (Fig. 3). A pH determination 
made on the pulp showed it to be 7.0 to 7.2, or substantially neutral. 

Lime in the proportion of 1.5 Ib. per ton in the ore was added and the 
pulp agitated for 5 min. The two remaining sulfide particles were 
removed and prepared for microscopic examination. The galena surface 
still revealed a slime coating similar in amount and character to that 
shown in Fig. 1. Actual count of slime particles on the surface by means 
of a ‘‘grid” ocular confirmed this observation. The sphalerite surface 
also showed a slime coating similar to that found in Fig. 2. However, 
an examination of a sample of the slime showed it to be distinctly floccu- 


2A. F. Taggart, T. C, Taylor and C. R. Ince: Experiments with Flotation 
Reagents. See page 285. 
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lated, as shown by Fig. 4. The pH was found to be greater than 
9.8+ strongly alkaline. fom 

To the now alkaline pulp particles of galena and sphalerite prepared 
for slime-coating tests were added. After 5 min. agitation one particle 
of each sulfide was removed and examined. As shown by Figs. 5 and 6 


Fig. 5.—NEIHART ORE AND 1.5 LB. OF 
LIME, GALENA SURFACE, 


Fig. 6.—NEIHART ORE AND 1.5 LB. OF 
LIME, SPHALERITE SURFACE, 


the slime coating was distinctly less than that obtained with the same 
pulp in the absence of lime (Figs. 1 and 2). 

The pulp was then thickened to 70 per cent. solids, and 0.3 lb. per 
ton of potassium cyanide and 0.5 lb. per ton of zine sulfate were added. 
It was conditioned at 140° F. for 14 hr. After dilution to 50 per cent. 
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solids and another 5-min. agitation, a particle of each sulfide was removed 
and a slime sample was taken. There was no change in the slime coatings 
on either sulfide, both revealing surfaces similar to those shown in Figs. 
5and6. The slime revealed no change in state of dispersion, still remain- 
ing flocculated as in Fig. 4. A pH of 9.8+ showed the pulp to be dis- 
tinctly alkaline. 

Copper sulfate in the proportion of 1 lb. per ton in the ore and 1.5 
Ib. per ton of lime were added to the pulp. After a 10-min. conditioning 
and a 5-min. agitation period the remaining particles of sulfides were 
removed. Under the microscope the slime coatings were still found to 
be similar to those obtained after the first addition of lime to the Neihart 
ore pulp. The slime showed no change in dispersion and the pulp with 
a pH of 9.8+ was distinctly alkaline. 

The results of this series of tests seem to indicate: 

1. That lime is a dispersive agent. In these tests it not only affected 
the state of dispersion of the slime but also affected the adsorption of 
slime on the sulfide surfaces. 

2. That zine sulfate, potassium cyanide and copper sulfate are not 
dispersive agents. In these tests they did not affect the state of disper- 
sion although used in amounts equal to those in practice. Further, at 
the magnifications used, they did not affect the slime coatings on 
the sulfides. 

3. That the important factor in differential flotation is something 
other than control of slimes. 


Series II.—BupsLure TESsts ON SLIME-COATED PARTICLES 


A full description of the bubble test and its use as a measure of the 
floatability of minerals can be found in the paper previously mentioned.’ 

Freshly broken particles of galena and sphalerite were tested in the 
bubble machine. The bubble showed the very slight adhesion and 
distortion common to slightly contaminated sulfide surfaces. These 
particles were then treated in the subaeration machine with —65-mesh 
Neihart ore in a 4 to 1 distilled-water pulp; no reagents were added. 
They were removed after 5 min. and washed in distilled water. . Upon 
testing in the bubble machine, with a solution of 1 part in 40,000 potas- 
sium xanthate, there was no spreading of bubble on either particle. The 
collecting index in each case was zero. As will be seen later, a pure 
untreated piece of galena or sphalerite will give a collecting index of 30 
or over in a potassium xanthate solution. 

Particles of quartz and calcite tested in the bubble machine gave 
index numbers of zero with 1 part in 40,000 potassium xanthate solution. 
A set of bubble tests run with these two gangue minerals in solutions of 


3A. F. Taggart, T. C. Taylor and C. R. Ince: Op. cit. 
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various collecting agents always gave the same result. Under no circum- 
stances did the bubble machine indicate floatability. 

Two more particles of galena and sphalerite were ‘submitted to the 
bubble test in distilled water. They were then treated in a —65-mesh 
Neihart ore pulp with lime present in the proportion of 1.5 Ib. per ton of 
solid. After removal they were washed in distilled water and tested in 
the bubble machine with 1 part in 40,000 potassium xanthate solution. 
No spreading resulted, the collecting indices therefore were zero. 

It was shown in the tests in Series I that particles of lead and zinc 
sulfide when treated in a Neihart ore pulp became coated with a fairly 
heavy gangue-slime coating: Therefore it was not surprising that a 


Fic. 7.—SPHALERITE PARTICLE IN CON- Fic. 8.—SPHALERITE PARTICLE IN TAIL- 
CENTRATE OF FLOTATION TEST. X 240. ING OF FLOTATION TEST. XX 240. 


surface so altered should react to the bubble test as do gangue minerals 
such as quartz and calcite. However, the galena and sphalerite particles 
subjected to treatment in the Neihart ore pulp plus lime also showed no 
floatability by the bubble test, despite the fact that the results of the tests 
in Series I show the gangue-slime coating now to be much lighter than 
before. Here was a case where the bubble test was too sensitive a 
measure of floatability. Microscopic examination of flotation concen- 
trate has shown that sulfide surfaces with slime coatings as slight as 
those of Figs. 5 and 6 will float with the usual amount of collecting and 
frothing agents. Fig. 7 is a photomicrograph of a sphalerite particle in 
a flotation concentrate. On the other hand, microscopic examination 
of sulfide surfaces in the tailings of a flotation test run with the usual 
amount of collecting and frothing agent showed that surfaces coated 
with slime to an extent comparable to the coatings obtained in Neihart 
ore pulp without lime would not float (see Fig. 2). Fig. 8 is a photomicro- 
graph of a sphalerite particle in a flotation tailing. 
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Series II] —Bussie Tests on Surme-FREE PARTICLES 


Bubble-machine tests were made on particles of galena and sphalerite. 
The relative collecting index of galena in a 1 part in 40,000 potassium 
xanthate solution was 100; that of sphalerite was 82. After agitation 
in a square glass-jar machine with solutions of 1 part in 16,000 of zine 
sulfate and 1 part in 26,000 of potassium cyanide for 15 min., the particles 
were removed and again tested in the potassium xanthate solution. The 
relative collecting index of galena was 73 and that of sphalerite was 39. 


Fig. 9.—SPHALERITE PARTICLE IN DISTILLED WATER. 

Fig. 10.—GALENA PARTICLE IN DISTILLED WATER. 

Fic. 11.—SpHALERITE PARTICLE IN 1 PART IN 40,000 POTASSIUM XANTHATE SOLU 
TION. RELATIVE COLLECTING INDEX, 59. 

Fig. 12.—GALENA PARTICLE IN POTASSIUM XANTHATE SOLUTION. RELATIVE COL- 
LECTING INDEX, 100. 

Fig. 13.—SPHALERITE PARTICLE IN POTASSIUM XANTHATE SOLUTION AFTER 
TREATMENT WITH POTASSIUM CYANIDE AND ZINC SULFATE, RELATIVE COLLECTING 
INDEX, 38. DEPRESSION OF 164 PER CENT. 

Fig. 14.—GaALENA PARTICLE IN POTASSIUM XANTHATE SOLUTION AFTER TREAT- 
MENT WITH POTASSIUM CYANIDE AND ZINC SULFATE. RELATIVE COLLECTING. INDEX, 
100. No DEPRESSION. 

Fic. 15.—SpPHALERITE PARTICLE IN POTASSIUM XANTHATE SOLUTION AFTER TRHAT- 
MENT WITH COPPER SULFATE. RELATIVE COLLECTING INDEX, 45. INCREASE OF 218 


PER CENT. 


This was a drop in floatability of 52 per cent. for sphalerite and of only 
27 per cent. for galena. The two particles were then treated in the square 
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glass jar with a solution of 1 part in 2000 of copper sulfate for 5 min. 
Upon testing in the bubble machine with the potassium xanthate solution 
the collecting indices were 88 for galena and 57 for the sphalerite. This 
was an increase of 20 per cent. in the case of the galena and of 46 per cent. 
in the case of the sphalerite, showing that the sphalerite had been revived 
by the treatment with copper sulfate solution. 

Further tests with sphalerite in the same manner showed these figures 
on the depression and revival of that sulfide to be conservative. In 
most cases the depression was between 100 and 150 per cent., whereas 
the increase in floatability after treatment with copper sulfate ran over 
200 per cent. 

A set of the preceding tests was run and the results were photographed 
(Figs. 9-15). 

A similar set of tests was run with a sphalerite particle, using thio- 
cresol as the collecting agent. The relative collecting index of sphalerite 
in a thiocresol solution (1 in 40,000) was 83. After the zine sulfate and 
potassium cyanide treatment, the relative collecting index in the thio- 
cresol was only 8.6. When treated in copper sulfate solution and tested 
in thiocresol, the relative collecting index was 86. 

The results of this series of tests indicate that, without slime present, 
potassium cyanide and zinc sulfate in the amounts used in flotation 
depress sphalerite in the presence of galena while hardly, if at all, affecting 
the latter. The tests also indicate that copper sulfate may restore the 
floatability of sphalerite so depressed. The depressing effect observed in 
the tests may be obtained with potassium cyanide alone under proper 
conditions. In fact, field practice in certain localities is to use only 
cyanide as a depressant rather than the combination. 


Spries 1[V.—ApstTraction TEstTs 


Abstraction of potassium cyanide by sulfides was first indicated by 
pH measurements. <A 0.2 per cent. solution of potassium cyanide had 
a pH of 9.8+; 7. e., was strongly alkaline, due to hydrolytic dissociation 
of the KCN into KOH and HCN, a strong base and a weak acid. When 
the potassium cyanide was agitated by shaking in an Erlenmeyer flask 
with 15 g. of —65-mesh +200-mesh sphalerite and filtered, the filtrate 
had a pH of 7.0 or neutral, showing complete abstraction of potassium 
cyanide within the limits of accuracy of this method of measurement. 

Further abstraction tests by galena and sphalerite in cyanide solutions 
were made by the silver nitrate method. With a 1 part in 10,000 
potassium cyanide solution, 15 g. of —65-mesh +200-mesh sphalerite 
abstracted 90 per cent. With the same solution and similar conditions 
27.5 g. of —65-mesh +200-mesh galena abstracted only 24.8 per cent. 
Sphalerite (15 g.) abstracted 17.5 per cent. of the cyanide from a 1 in 
500 solution as against a 7.4 per cent. abstraction by galena (27.0 28 


C. R. INCE 269 


No quantitative measure was made of copper sulfate abstractions. 
The precipitate of copper xanthate produced by potassium xanthate in 
the presence of copper ion was used as an indicator. A definite amount 
of potassium xanthate solution when added to 100 c.c. of a 1 in 1000 
copper sulfate solution gave a yellow precipitate. When the copper 
sulfate solution was agitated with 15 g. of —65 +200-mesh sphalerite 
and filtered, 100 c.c. of filtrate gave a yellow precipitate with the xanthate 
solution that was lighter than the previous one showing some abstrac- 
tion of the Cu** ion. The copper sulfate solution was then agitated 
with —65 +200-mesh sphalerite which had previously been treated with 
a 1 in 10,000 potassium cyanide solution and filtered. Upon addition 
of a definite amount of the xanthate solution to 100 c.c. of the filtrate, 
a precipitate resulted which was distinctly lighter than either preceding 
one, showing that more of the Cu** ion had been abstracted on account 
of the presence of cyanide on the sphalerite surface. 

Despite intensive microscopic study of the sulfide surfaces after 
treatment in solutions more concentrated than those used in the tests 
of potassium cyanide, zinc sulfate and copper sulfate, no surface alter- 
ations were visible at a magnification as high as 500. 


Series V.—ABSTRACTION TESTS WITH COLLECTING AGENTS 


The most recent theory of collecting agents is that they concentrate 
at the sulfide-liquid interface with the molecule so oriented that the 
water-repelling groups which are common in all collecting agents are 
outward. Thus the particle now presents a surface that is water- 
repellent, rendering it easier of attachment by air bubbles and hence 
more floatable. The amount of this concentration is indicated by the 
abstraction of the collecting agent from solution. 

The iodine-sodium thiosulfate method of analysis was used in the 
abstraction tests. After determining the iodine equivalent of the 
collecting agent present, 110 c.c. of the solution was agitated by shaking 
with the mineral for 5 min. in an Erlenmeyer flask. The contents of 
the flask were then filtered and a determination of the iodine equivalent 
of the collecting agent still remaining was made on 100 c.c. of the filtrate. 

From a1 in 35,000 thiocarbanilid solution, 27.5 g. of pure galena 
ground to —65 +200 mesh abstracted 23 per cent. of the collecting 
agent as compared to an abstraction of 18 per cent. by 15 g. of pure 
sphalerite ground to the same mesh. When the concentration of thio- 
carbanilid was increased to 1 in 20,000, galena abstracted 19 per cent. 
while sphalerite abstracted 12.8 per cent. Doubling the amount of 
galena increased the abstraction to 34.5 per cent. 

From a 1 in 40,000 potassium xanthate solution 27.5-g.. of —65 
+200-mesh pure galena abstracted 76 per cent. and 15 g. of —65 +200- 
mesh pure sphalerite abstracted 21.5 per cent. and 24.0 per cent. Fifteen 
grams of sphalerite were treated at 140° F. with a potassium cyanide and 
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zine sulfate solution of a strength equal to that found in flotation for 
10 min. The sphalerite was then washed with distilled water twice and 
used for abstraction tests. From the 1 in 40,000 potassium xanthate 
solution the abstraction was only 5.8 per cent. 

Abstraction tests by galena treated with Neihart ore pulp gave the 
following results. No lime was present, so presumably the slime coating 
was heavy. The method of treating these particles with slime was as 
follows: 27.5 g. of galena, sized between 65 and 200 mesh, was agitated 
with a 4 to 1 pulp of —200-mesh Neihart ore. The whole was then put 
on a 200-mesh screen and washed two or three times with distilled water. 
This left the slime-coated sulfide particles on the screen and washed 
through the free slimes. The galena was then used for the abstraction 
tests. From the 1 in 20,000 thiocarbanilid solution, 27.5 g. of slime- 
coated —65 +200-mesh galena abstracted 19.8 per cent.; 55 g. of slime- 
coated —65 +200-mesh galena abstracted 28.8 per cent. 

Abstraction tests conducted with a gangue mineral indicated that 
there was only a slight tendency toward abstraction. Pure quartz, 
using 10 g. ground to —65 +200 mesh, abstracted 5.4 per cent. of 
the 1 in 20,000 thiocarbanilid solution; 20 g. of —65 +200-mesh quartz 
only increased the abstraction to 6.9 per cent. 

The results of these abstraction tests are tabulated in Table 1. 
Despite the fact that, in order to approximate equal surface areas for 
abstraction comparisons, the material used was always sized between 
65 and 200 mesh, and that allowance was made for the various specific 
gravities by using different weights of mineral, some difference in area 


TasuE 1.—Results of Abstraction Tests 


Mineral feed Trentment ht BGnctal Reevtoay Collecting-agent Solution | Feiner 
Thiocarbanilid 
PDS Aes 27.5 | Ground to —65 +200 mesh 1/35,000 23.0 
VA Ploeetale pita 15 Ground to —65 +200 mesh | 1/35,000 18.6 
ZnS | 3 Ground to —65 +200 mesh 1/20,000 12.8 
PRSshineredac 27.5 | Ground to —65 +200 mesh 1/20,000 19.0 
PbS, | 55 Ground to —65 +200 mesh 1/20,000 34.5 
BD SSertect ras: 27.5 | Exposed to Neihart ore | 1/20,000 19.8 
pulp 
PbS 55 Exposed to Neihart ore 1/20,000 28.8 
pulp 
QW 3 ove 10 Ground to —65 +200 mesh | 1/20,000 5.4 
Quartz.......) 20 | Ground to —65 +200 mesh | 1/20,000 6.9 
: Potassium xanthate 
Taleo ag.ac uk 27.5 | Ground to —65 +200 mesh 1/40,000 76.0 
ZS is. prea 15 Ground to —65 +200 mesh 1/40,000 21.5 
PANS a0 Goo 16 15 Ground to —65 +200 mesh 1/40,000 24.0 
Zns. 15 | Conditioned in KCN and 1/40,000 5.8 
ZnSO, solution 


SSE See ee 
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existed on account of dissimilarity in shapes of particles. That this 
difference in area could not account for differences in abstraction may be 
shown by consideration of the cyanide and xanthate abstractions by 
galena and sphalerite. In the cyanide abstraction tests 15 g. of the 
sized sphalerite abstracted four times as much as 27.5 g. of the sized 
galena, whereas in the xanthate abstraction 27.5 g. of galena abstracted 
3.5 times as much as the 15 g. of sphalerite. 

From Table 1 it can be seen that even the heaviest slime coating 
produced with Neihart ore did not affect the removal of the collecting 
agent despite the fact that gangue minerals abstract to a much less 
extent than sulfide. A possible explanation presents itself if one con- 
siders the relative sizes of slime particles and their distribution on the 
sulfide surface. Fig. 16 represents, on a large scale, a portion of a bubble 
and a sulfide surface with a Neihart-ore slime coating produced without 
lime present. It can be seen readily that although the slimes would 


Slime Particles 
‘ ‘ PE 


~ 
Sulfide (/500x) 


Fia. 16.—MAGNIFIED VIEW OF PORTION OF A BUBBLE AND A SULFIDE SURFACE WITH A 
NEIHART-ORE SLIME COATING PRODUCED WITHOUT LIME. 


not interfere much with the abstraction of the collecting agent (the little 
dots on the surface represent collecting-agent molecules—really about 
100 times too big) all or part of the slime would have to be removed to 
allow the bubble to come in contact with the water-repellent groups of 
the molecules of the collecting agent. 

Up to this point the investigation dealt entirely with the effects of 
the various reagents on the constituents of a flotation pulp. The next 
step was to investigate the reasons for the effects produced. 

In the paper previously mentioned,‘ the hypothesis is advanced that 
partial oxidation must take place at the sulfide surface before collecting 
agents can act thereon and that the collecting agent reacts with the more 
soluble oxidized salt of the metal to form an insoluble compound. 
Hydrolysis or oxidation is indicated when lead or zinc sulfide is ground in 
water in the presence of air, as was shown by the following experiment: 
100 g. of —65 +200-mesh galena was ground with 70 .c. of distilled water 
in a porcelain mill with porcelain balls. ‘The mill was stopped at regular 
intervals and a sample of water was taken for pH measurement: 


4A. ¥F. Taggart, T. C. Taylor and C. R. Ince: Op. cit. 
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Timn, MInuTES pH 
At start 7.0 
10 6.8 
30 6.6 
50 6.4 
110 5.8 
The same test was repeated with sphalerite: 

At start 7.0 

30 9.8+ 


That galena abstracted more of the collecting agent might be 
accounted for in that its surface alteration produced by the chemical 
action of air and water may be more soluble than that of the sphalerite 
and that the lead compounds resulting from the reaction of the collecting 
agent with the soluble altered galena surface have a lower solubility 
product and therefore tend to form more readily than the zine compounds. 

Table 1 shows that treatment by cyanide of a sulfide decreases the 
abstraction of the collecting agent and consequently the floatability of 
that sulfide surface. It has also been shown that sphalerite abstracts 
potassium cyanide from solution much more readily than does galena. 
Mellor® says that sphalerite oxidizes faster than galena and slower than 
iron pyrite. This becomes significant when it is noticed that the order 
of depressability by potassium cyanide is in the reverse ratio; that is, 
iron pyrite is depressed more easily than sphalerite and sphalerite more 
easily than galena. Galena practically is not depressed at all by potas- 
sium cyanide. Clennell® says that no simple cyanide of lead is known. 
On the other hand, alkali cyanides react readily with the metals and 
salts of zine and iron. The action of potassium cyanide with a zine salt 
results in the simple cyanide of zine, which is insoluble. 

2KCN + Zn*t > 2K+ + ZnCN, 

It is quite possible that if such a compound forms at the sphalerite 
surface, despite the fact that microscopic examination has shown that it is 
not visible, it may prevent the reaction with the collecting agent. Since 
the zine would be anchored in the lattice of the sphalerite crystal the CN 
end of the molecule is presented to the solution. CN being a strong 
water-avid group, this probably accounts for the difficult floatability 
of the particle. 

Upon the addition of copper sulfate to a solution containing sulfide 
surfaces thus altered, copper ion is removed, as shown by the abstraction 
tests in Series IV. A possible explanation of this is that there is present 
to some extent at the solid-liquid interface the ions Cut+, CN- and SO,++. 
The zine, held in the structure of the solid particle, is not mobile. The 


* J. W. Mellor: A Comprehensive Treatise on Inorganic and Theoretical Chem- 
istry. London and New York, 1922-28. Longmans, Green & Co. 


6 J. E. Clennell: The Cyanide Handbook: New York, 1915. McGraw-Hill 
Book Co. 


Cc. R. INCE Die 


Cutt ion unites with CN- to form the insoluble CuCN, and precipitates 
as such. The reaction carried to completion removes the CN from the 
particle surface, leaving the unsatisfied zinc free to unite with the sulfate 
ions present to form a zine sulfate surface, which now can react with the 
collecting agent. 


Series VI.—Micration oF SLIME PARTICLES 


Tests in Series I show that Neihart ore pulp will coat sulfide particles 
with a slime coating of a certain density. The presence of lime in the 
pulp decreases the density of this coating at least one-half and renders 
the sulfide surface floatable where previously it was not floatable. The 
reason for this slime adsorption and the effect of lime upon it is of para- 
mount importance. 

Solid-solid adsorption is thought to be an electrical phenomenon 
dependent entirely on the charge existing in the adsorbing surface and 
the absorbed solid. Flocculation is a form of solid-solid adsorption in 
which particles in suspension coagulate to form larger masses of the 
particles. Dispersion, the opposite of flocculation, is therefore also 
dependent on the electrical charges existing on the suspended solids. 
Any reagent that affects the degree of dispersion of the slime 
particles may therefore be expected to affect the adsorption of the gangue 
on the sulfide surfaces. This fact has been noted in the experimental 
work performed. 

To determine the electrical charges on solid particles, the Burton tube 
was used. Two other methods had been attempted and failed. The first 
was the glass cell used by Beans and Eastlack’ in their work with colloidal 
gold. This was used with a microscope. This method was discarded 
because of the enormous errors introduced by endosmose and the apparent 
inconsistencies resulting therefrom. The other method was the observ- 
ance with a photomicrographic apparatus of a stream of slime particles 
settling under gravity between two platinum-strip electrodes. It was 
thought that the particles would swerve from the perpendicular fall when 
a potential difference existed between the electrodes. The direction of 
swerve would indicate the charge. The difficulty in this case was that, 
despite protection of the bulk of the liquid from chemical action at the 
electrodes, the generation of gases was enough to set up currents which 
caused the particles to move erratically in any direction. Some indica- 
tion of charge was given by an initial jump of the particles when the 
voltage was thrown on but, since the gaseous disturbances started almost 
immediately, the evidence was not conclusive enough and was discarded 
when the Burton tube method proved successful. A sketch of the Burton- 
tube apparatus is shown in Fig. 17. 


7H. T. Beans and H. E. Eastlack: The Electrical Synthesis of Colloids. Jnl. 
Amer. Chem. Soc. (1915) 37, 2667. 
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The procedure in each case was as follows: The stopcock B was closed 
and the Burton tube C filled with distilled water to the depth of about 
3 em. in each arm of the tube. The thistle tube A contained the slime 
suspension. Stopcock B was slowly opened and the slime suspension 
allowed to rise in the Burton tube. If this was done carefully and with- 
out jarring there was a distinct boundary between the gray cloud of the 
suspension and the distilled water. The stopcock was closed as soon as 
the rising slime suspension had caused the platinum electrodes to become 
immersed in the distilled water. Due to gravity, the slime suspension in 


Fic. 17.—BURTON-TUBE APPARATUS. 


both sides of the tube would settle at the same rate. If, however, a volt- 
age difference existed between the electrodes and the particles in the sus- 
pension had a definite electrical charge, there would be a difference in 
settling rate in the two arms. In one arm of the tube the tendency to 
migrate toward the electrode, due to charge, would assist the natural fall 
of gravity. In the other arm it would retard the fall of gravity. Conse- 
quently, one arm would settle fast and the other arm slowly, if at all. 
Iknowing which arm was the cathode and which the anode, the charge of 
the particle would be indicated by this differential settling. be fat 

In preparing a slime suspension 10 to 20 g. of +65-mesh solid was 
ground in a porcelain mortar with a porcelain pestle, having present 40 to 
80 c.c. of the liquid to be used for the suspending medium. After 2 min, 
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settling in a 100 c.c. beaker the material still in suspension was used for 
the test. 

A series of slime-migration experiments is given under tests 1 to 15 
and the results are tabulated in Table 2. 

The graduations on the arms of the Burton tube read from top to 
bottom. The numbers given in tests 1 to 15 under anode arm and 
cathode arm represent readings of the slime-suspension boundary at the 
time indicated on the left. The difference between any two succeeding 
readings gives the rate of settling for that interval. Where the slime 
boundary moved upward this difference would naturally be negative. 
Looking at test 1, it is seen that the differences in the anode arm are 
4 negative, 7. e., the slime boundary was rising in that arm; whileinthe 
cathode arm the differences are positive, showing a distinct settling of the 
slime. Obviously the slime was moving toward the anode and is therefore 
negatively charged. 


Tsst 1 
NEIHART SLIME IN DISTILLED WATER 
119 Volts 
TIME OF READING ANODE ARM CaTHODE ARM 
10:35 S25 4c. 8,0 0 4 dit 
10:40 4.6 : 3.4 : 
—0.2 diff. +1.6 diff. 
ee #2. 29/0: Oe eno ie 
10:50 4.2 ; 6.2 
Voltage Reversed after 10:50 Reading 
CATHODE ARM ANODE ARM 
Settled out 
10:55 4.2 40.4 diff Boundary indistinet 
11:00 4.6 40.2 diff —0.6 diff. 
11:05 4.8 ‘ ‘ 
11:10 5.0 +0.2 diff. 5.6 
ee og dif BO ot diff, 
Migration was anionic, indicating a negative slime. 
TrstT 2 
NEIHART SrIME IN DISTILLED WATER 
243 Volts, 0.001 Ampere 
Time or READING ANODE ARM CaTHODE ARM 
10:47 4.0 4.6 1.8 
10:52 Te a eer 
Reversed Voltage, 244 Volts, 0.001 Ampere 
CaTHopE ARM ANODE ARM 
10:57 5.2 0.6 6.4 0.0 
11:02 5.8 aD 6.4 : 


The boundaries became so indistinct as to make further readings unreliable. 
Migration was anionic, showing the slime was negative. _The conductivity increased 
as the experiment progressed in the case of slime suspensions made of oxidized mate- 
rial. Those of freshly ground material had a much lower specific conductivity. 
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Test 3 
ANACONDA SLIME IN DISTILLED WATER 
237 Volts, 0.0045 Ampere 


TimME or READING ANODE ARM CaTHODE ARM 
3:35 4.6 01 5.8 40.2 
3:40 4.5 6.0 

—0.1 +0.4 
3:45 4.4 6.4 
0.0 +0.2 
3:46 4.4 02 6.6 40.2 
3:49 4.2 : 6.8 
Reversed Voltage, 239 Volts, 0.003 Ampere 
CATHODE ARM ANODE ARM ; 
Sepb 4.2 PO4 TAO 0.0 
3:08 4.6 TO 
+0.8 —0.2 
3:58 5.4 repels 6.8 0.0 
4:03 6.8 : 6.8 ; 
Migration was anionic, indicating a negative slime. 
Trst 4 
ANACONDA SLIME IN DisTiILLED WaTER + Lime (14990 ON SOLID) 
234 Volts 
Time or READING CaTHODE ARM AMPERES ANODE ARM 
4:20 4.4 0.008 5.6 
4:23 Ade ane 0.007 5a oe 
4:26 4.8 40.2 0.010 5.8 _02 
4:29 5.0 0.0 0.014 5.0 40.2 
Bhcsyy HO 0.0 0.016 5.8 40.6 
4:35 50) ; 0.018 6.4 . 
Reversed Voltage, 240 Volts 
ANODE ARM AMPERES CaTHODE ARM 
4:36 Flocculent 0.016 6.4 Oe 
4:39 Masses 0.014 5.8 0 
4:42 0.012 5.8 


The migration in this case appeared to be cationic, but was obscured by flocculation 
The slime was therefore positive. 


Test 5 
QuarRTz IN DistILLED WATER 
234 Volts . 
TIME OF READING CatTHuopr ARM AMPERES ANODE ARM 
1:44 yO) 0.001 ye) 
1 : € 
1:47 6.2 if : 0.0015 i a 
1:50 7.8 ; 0.002 5.0 
Reversed Voltage, 236 Volts 
ANODE ARM AMPERES CaTHopE ARM 
1:53 6.2 : 0.0015 5.0 
= oD ‘ 
1:56 6.0 te 0.0015 ie eg 
2:01 6.0 0 0.002 6.0 GirOR 
2:04 6.0 0.0025 7.3 ee 
POF 
Reversed Voltage, 238 Volts 
Catuopr ARM AMPERES ANopE ARM 
2:10 6.2 0.0015 7.4 
2:13 * 7016 cae 
2:16 6.8 0.0015 6.5 


Migration was anionic, showing quartz slime-suspension was negative. 
* No Observation Made—Detached Wire. 


A ee 
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Test 6 
Quartz In DistitLED Water + Lime (140999 oN Sout) 
239 Volts 
TIME oF READING ANODE ARM AMPERES Carnopr ARM 
2202 , Geo 0.001 5.4 
2:55 6.4 He 0.0015 5.8 aa 
2:58 6.6 40.2 0.003 5.8 0.2 
3:01 6.8 402 0.004 5.6 = 
3:04 GO) 40.2 0.004. Hee 0.2 
3:07 2 : 0.004 i ua 
Reversed Voltage, 247 Volts 
cen CaTHopEr ARM AMPERES ANODE ARM 

: Tey? 

; 40.2 0.0025 5.8 40.4 
S13 ee 40.1 0.0025 Ge 0.2 
3:16 oe 0.003 ee 
3:19 he 0.0025 6.6 7: 


Migration was cationic, showing that quartz slime in the presence of lime 
was positive. 

A galena experiment failed. A heavy suspension settled out too quickly. A light 
suspension was indistinguishable at the boundary line. 


Test 7 
SPHALERITE IN DISTILLED WATER 
234 Volts 
TIME OF READING ANODE ARM AMPERES CaTHODE ARM 
5:30 G22 0.0005 6.0 
5:33 7.0 ps5 0.0005 6.3 ee 
5:36 6.9 Sn 0.0005 6.5 el 
5:39 6.8 Bice 0.0008 6.6 0 
5:42 6.7 6.6 
Reversed Voltage—234 Volts 
CatTHopEr ARM AMPERES ANODE ARM 
5:45 6.8 0.0005 6.6 
5:48 reas 0.0005 JOP a 
5:51 7.4 40.1 0.0005 6.4 0 
5:53 US 40.1 0.0005 6.4 pa 
5:56 ta6 : ORO ‘ 


Migration was anionic, indicating that sphalerite in distilled water was negative. 
Voltage was kept on for 44 hr. after conclusion of readings. The cathode tube 
settled out and amperage went to 0.0015. 


Test 8 
SPHALERITE IN DisttLLED WateEeR + Lime (140900 ON SOLID) 
230 Volts 
TIME OF READING CatTuopr ARM AMPERES ANODE ARM 
6:49 6.4 = 0.0005 (jel 
6:51 6.9 eines 0.0005 6.4 ee 
6:54 7.2 es 0.0005 hidte 
6:57 Wee: 0.0005 6.4 
Reversed Voltage, 236 Volts 
ANODE ARM AMPERES CaTHopE ARM 
7:00 Tf oP? 0.0005 6:2 
7:03 7.2 : 0.0005 6.4 ae 
7:06 lees 0 0.0005 Ono 0 
7:09 2 0.0008 Geo 


Migration was anionic, showing that sphalerite in the presence of lime was negative. 
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Timez oF RBADING 
MINUTES 


0 
3 
6 
9 
12 


Migration was anionic. 
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Trst 9 
Newart Suime in DistinLep WATER 

234 Volt 

ANODE ARM AMPERES 

Tho? 0.001 

7.0 its 0.001 

7.0 0 0.0013 

7.0 0 0.0018 

ao 0.0025 


Reversed Voltage, 232 Volts, 0.0023 Ampere 


CaTHODE ARM AMPERES 
7.2 0.0015 
7.4 re 0.0015 
ecw ee 0.0018 


a 
pH = 6.8 
CaTHopE ARM 
ae 40.6 
70 +0.2 
74 +0.4 
76 +0.2 


7.4 
Be cs 
72 


Neihart slime in distilled water was therefore negative. 
This test confirmed the earlier one on the same material at 119 volts. 


In another 


test both arms were filled to electrode with the suspension and the voltage thrown on. 
After 20 min., in which there was a gradual flocculation, the cathode arm settled out. 


TIME OF READING, 
INUTES 


0 
1.5 
3 
6 


CaTHODE ARM 


or 


Tzst 10 ; 
Neinart OrE in Distinpep Water + Lime (1.5/2000 on Soup) 

240 Volts 

ANODE ARM AMPERES 

4.4 0.0015 

5.0 wi 0.0020 

B82." 02 0.0023 

5.0 0 0.0035 

5.0 0.0045 


9 


Migration was anionic and slime was negative. 


Repegat oN NEInART ORE 


ek 40.4 
vas 40.2 
Sto 
Bg (+03 


NeiHnart Or IN DistTILLED WATER + Lime (1.5/2000 on Sourp) + Catcrum CHLORIDE 


Tim or READING, 
MinvuteEs 


0 


3 
6 
9 


12 
15 


(1/2000 on Sour) 


230 Volts 
CaTHopr ARM AMPERES 
Heyy 0.008 
6.4 Hee 0.0045 
6.9 40.5 0.0075 
7.4 2 0.012 


Reversed Voltage, 230 Volts 


ANODE ARM AMPERES 
tea 0.0095 
76 +0.4 


Migration was anionic, slime was negative. 


Rerpat on NeErart Ore 


ANODE ARM 


OP 


CatTHODE ARM 


5.4 


* electrode exposed 


In distilled water with calcium chloride and lime present in amounts shown in 


preceding test. 


Timp oF RBADING, 
MInurss 


0 
1.5 


236 Volts 
Caruopr ARM AMPERES 
4.6 0.002 
pido ees 0.002 


ANODE ARM 


4.2 


hee. +0.2 
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Reversed Voltage 


Time or READING, 


MInNvuTES ANODE ARM AMPERES CaTHODE ARM 
3 5.4 0.002 d 
40.2 Og OB 056 
6 5.6 0.004 5.4 
0.2 +0.6 
9 5.8 +40 0.0045 6.0 0.2 
12 et 0.0045 6.2 He 
15 5.9 : 0.0055 66 a 
Migration was anionic, therefore slime was negative. 
Trsstr 11 


An attempt was made to determine the charge on galena (—65 mesh freshly ground) 
suspended in distilled water. The suspension was allowed to flow into both arms of 
the tube until the electrodes were submerged. The voltage was thrown on and the 
relative speed of settling of the arms observed: 

Ist observation, cathode cleared first. 

2nd observation, cathode cleared first. 

3rd observation, cathode cleared first. 

Galena in distilled water was negative. 

The presence of lime in the distilled water gave the same result. The cathode 
cleared first, indicating that the galena was negative in alkaline distilled water. 

The preceding tests were repeated, using Neihart slime water instead of distilled 
water as the suspension medium. 

1st observation, anode settled first. 

2nd observation, anode settled first. 

Galena in Neihart slime water was positive. 


Test 12 
SPHALERITE IN NEIHART SLIME WATER 
240 Volts 
Time, MINvuTES ANODE ARM AMPERES CatTHopE ARM 
0 3.2 40.8 0.004 3.6 0 
3 UES 0.0045 276 Sen a 
6 5.6 : 0.0050 3.0 ‘ 
Reversed Voltage 
CaTHopE ARM AMPERES ANODE ARM 
9 ay 0.005 3.0 
12 pence Cee nee 


Migration was distinctly cationic and very rapid. Sphalerite suspended in 
Neihart slime water was positive. 
Test 13 
Neihart slime water was prepared by grinding 60 g. —65-mesh Neihart ore in 240 
c.c. of distilled water with lime (0.045 g.) and calcium chloride (0.03 g.). Sphalerite 
suspended in filtrate for migration test. 


240 Volts pH 9.8+ 
Time, MINUTES CaTtTHopr ARM AMPBPRES ANopr ARM 
0) 3.8 0.0095 4.8 
3 a oe ele 0.0105 hoo 


Migration very distinct 
Voltage reversed with boundaries at 


Time, MINUTES ANODE ARM AMPERES CaTHopDE ARM 
10.0 0.011 5.0 
2.4 
6 Suspension started to 7.4 “a 


rise but the whole arm 
became cloudy as 
boundary line faded 
Migration was anionic, showing that sphalerite in alkaline Neihart slime water 
was negative. 
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Test 14 


Nerart Ore SuspENDED IN NEIHART S~tiME Water + Lime (1.5/2000 on Sorin) 
AND Catcium CuioripE (1/2000 on So.ip) 


240 Volts 
Time, Minutes ANopE ARM AMPERES CatTHopE ARM 
4.6 
0 3.4 40.6 0.008 40.9 
il 4.0 0.009 Die 
+0.5 +0.5 
2 4.5 0.009 6.0 
+0.5 +0.4 
3 5.0 0.0095 6.4 
+0.6 +0.8 
4 5.6 0.0095 7.2 
+0.9 +1.2 
5 6.5 0.7 0.0095 8.4 hed 
6 oe 0.0095 j5 
Reversed Voltage 
CaTHopE ARM ANODE ARM 
i 8.0 10.0 
8 8 2 +0.2 80 —2.0 


Migration was anionic, indicating that Neihart slime particles with lime and 
calcrum chloride present were negative. 


Test 15 


GALENA IN NEIHART SLIME WATER WITH LIME AND CALctuM CHLORIDE 
IN UsuaL AMOUNTS 


240 Volts 
Time, MINvuTES CarHopE ARM AMPERES ANODE ARM 
0 5.0 0.0 
6 005 1 4.4 40.2 
1 6.5 95 0.01 Loe 
2 70 — 0.01 eee ae! 
Reversed at 
3 0.5 5.3 
ANopE ARM AMPERES CaTHODE ARM 
4 8.0 6.5 
5 jain oe eee 
6 Indistinet Boundary 0.011 10.3 wast 


Migration was anionic, showing that galena in alkaline Neihart slime water 
was negative. 


The Neihart slime water used in these tests probably differs from the 
mill water used in the flotation circuit at Timber Butte mill. The 
presence of soluble salts makes the latter much more acid than that 
indicated by the pH of 6.8 for the former. For that reason the amount of 
lime used in these tests was more than necessary. The same amount of 
lime used at Timber Butte mill only brought their alkalinity to a pH of 
8.2-8.4 whereas the slime water used here became greater than 9.8. 
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Material 


Medium of Suspension 


Charge 


ke) 
q 


Anaconda ore 


3 
4 
5 | (OMEN WAS 
6 
7 


8 wplslerite 6.465 03 


Wenn, Galena.) 
11 Galena eee. nr 
M1 Galender st cre. 
15 (Golenaremmtnn ae co 


iP Sphalerite..2....... 
13 Sphalerite.... 


1, 2, 9! Neihart ore. . 


10, 14 Neihart ore......... 


Anaconda ore...... 


Distilled water 


.| Distilled water + CaO 


Distilled water 

Distilled water + CaOz 

Distilled water 

Distilled water + CaO+« 

Distilled water 

Distilled water + CaO« 

Neihart slime water 

Neihart slime water + CaO, CaCl,’ 
Neihart slime water 

Neihart slime water + CaO, CaCl. 


Distilled water, Neihart slime water | 


Distilled water, Neihart slime water, 
+ CaO, CaCl.® 


“1.0 to 1.5 lb. per ton of solid. 
> 1 Ib. per ton of solid. 


eae mie iedeiieae il = of 


| 


anaonontoe 
+O f+ 


OROROMRONSOCNOCNSCY 
Nnonmnnwmno non. 
Se 4p 45 


ie) 
a 


Slime adsorption tests similar to those found in Series I were run 


using quartz slime instead of the Neihart ore slime. 


Figs. 18 to 21 show 


the slime coatings obtained. These results combined with those of 
Series I and VI are tabulated in Table 3. 


TABLE 3.—Results of Slime-adsorption Tests 


; i Photo- 
er peeks Charge ene Charge Suspension Medium Poe ¢ Sa 
Coating | graph 
| 
Quartz — Galena _ Distilled water Light Fig. 18 
Quartz o Sphalerite - | Distilled water Light Fig. 19 
Quartz ate Galena — | Distilled water +CaO Heavy | Fig. 20 
Quartz ae | Sphalerite | - Distilled water +CaO Heavy | Fig. 21 
Neihart ore = | Galena + Neihart slime water Heavy | Fig. 1 
Neihart ore — Sphalerite | + | Neihart slime water Heavy | Fig. 2 
Neihart ore - | Galena — | Neihart slime water +CaO, CaCl2| Light Fig. 5 
Neihart ore - Sphalerite | - | Neihart slime water +CaO, CaClz| Light Fig. 6 
| 


SUMMARY 


1. Slimes do or do not coat sulfide particles according to the electrical] 
charges existing on the surfaces of the two types of particles. 
2. The nature and magnitude of the electrical charge may be altered 
by dispersion agents. 
3. The amount of slime coating can be controlled by means of dis- 


persion agents. 


4. A slime-coated sulfide does not float as readily as one that is 


slime-free. 
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5. The floatability of a particle depends in part on the presence of 


collecting agent at its surface. 
6. Cyanide and zine sulfate do not affect slime coatings. 


Fig. 18.—QUARTZ SLIME COATING, GALENA SURFACE. 

Fig. 19.—QUARTZ SLIME COATING, SPHALERITE SURFACE. 

Fig. 20.—QUARTZ SLIME PLUS LIME (14999 ON SOLID), GALENA SURFACE, 
Fig. 21.— QUARTZ SLIME PLUS LIMB. (14999 ON SOLID), SPHALERITE SURFACE. 


7. Cyanide and zine sulfate decrease the concentration of collecting 
agent at the surface of certain sulfides, thereby rendering them 
less floatable. 

8. Copper sulfate is capable of restoring the floatability by permitting 
the concentration of collecting agent at the sulfide surface. 


DISCUSSION 


A. M. Gauprn, Salt Lake City, Utah (written discussion) —Mr. Ince presents 
some valuable observations: 7.e., the records of slime-migration tests given under 
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headings 1 to 15 inclusive, as well as his correlations of the slime migration tests 
with the pH of the pulp and with the relative slime coating on galena and on oe 
(Tables 2 and 3). 

The correlation of slime coatings on comparatively coarse solids with the sign 
of the charge on the coated solid and that on the slime is a valuable contribution for 
which the author deserves credit. As one might expect, his results indicate that a 
positively charged sulfide attracts a negatively charged slime, and vice versa. It is 
interesting to note that all the minerals tested by Mr. Ince were negatively charged in 
distilled water. This suggests that one certain ion, no doubt the hydroxyl ion, 
is responsible for the charge. The change in the pH of pulps by clean, unoxidized 
sulfides has been found® to be in the direction of lesser pH, as would be expected if 
hydroxyl ions were removed from solution by the minerals. 

It is to be regretted that no chemical or mineralogical analysis of the Neihart 
ore is given. It is also to be regretted that no analysis of the Neihart slime water is 
given and that apparently no attempt has been made to size the slime by elutriation 
or under the microscope. Analytical data of that nature might go a long way toward 
explaining the phenomena discussed by Mr. Ince. 

The author’s second conclusion, that “the nature and magnitude of the electrical 
charge may be altered by dispersion agents,” is too sweeping in view of his evidence, 
which is limited to lime and to lime in the presence of calcium chloride, although it 
may well be justified. Similarly his third conclusion, ‘‘The amount of slime coating 
can be controlled by means of dispersion agents,” is barely justified, as can be seen 
by referring in detail to the text under Series I, where the author shows no change in 
slime coating due to the subsequent addition of lime to the ore pulp, and but slight 
change due to previous addition of lime. This is all the evidence recorded to justify 
the above quoted conclusion, which is in implied contradiction with the author’s 
summary of the results of his slime-coating investigation, that ‘the important factor 
in differential flotation is something other than control of slimes.”’ 

The author’s determinations of the floatability of galena and sphalerite particles 
by means of the ‘‘bubble machine” are unconvincing. They are, also, in apparent 
disagreement with the tentative conclusions obtained with the slime-coating experi- 
ments. Mr. Ince feels that this is due to the fact that the ‘bubble test was too 
sensitive a measure of floatability.”” To one not versed in the details of the mani- 
pulation of the bubble machine it would appear that the opposite might be 
equally true. 

Concerning the chemical aspects of the author’s study, it is necessary to take 
exception to a number of statements: For instance, copper forms a cuprous cyanide 
rather than a cupric cyanide. Cuprous cyanide is comparatively insoluble in water, 
but is soluble in excess cyanide, forming a complex salt involving the cuprocyanide ion® 
Cu(CN)-~;. The same is true of zinc cyanide, which forms complex zinc-cyanide 
ions in the presence of excess cyanide. 

Mr. Ince states that copper sulfate is a depressing agent. Our experience has 
consistently indicated the converse to be true, except, perhaps, in what concerns the 
flotation of pyrite. An investigation of the flotation of sphalerite has been under way 
at the University of Utah for the past year and a half, and a manuscript covering this 
work is being prepared.!° In some respects, as for instance in what concerns the 


8 A. M. Gaudin: The Influence of Hydrogen-ion Concentration on Recovery in 
Simple Flotation Systems. Min. & Met. (1929) 10, 19. 

9 W. D. Bonner and 8. Ravitz. Jnl. Amer. Chem. Soc. 

104. M. Gaudin, E. C. Haas and C. B. Haynes: Flotation Fundamentals, IV. 
Utah Eng. Expt. Sta. Tech. Pub. 8. 

A. M. Gaudin: Effect of Xanthates, Copper Sulfate and Cyanide on Flotation 
of Sphalerite. See page 417, this volume. 
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abstraction of copper sulfate from solution by sphalerite, we have obtained extremely 
interesting data. In this connection it might be noted that sphalerite is discolored 
by treatment with copper sulfate, assuming a covellite color after a few hours treat- 
ment in hot normal copper sulfate solution about 150°C. This is in disagreement 
with Mr. Ince’s statement that no surface alterations, due to copper sulfate treatment, 
were visible on sphalerite at a magnification as high as 500. 


Experiments with Flotation Reagents 


By Arrnur F. Taceart,* T.-C. Taytor} anp C. R. Ince,t New York, N. Y. 


(New York Meeting, February, 1929) 


TuHE following notes represent significant excerpts from a mass of 
records of experimental work done in the ore-dressing laboratory at the 
Columbia School of Mines during the years 1926 to 1928 inclusive. 


CLASSIFICATION OF EXPERIMENTAL WoRK 


The experiments performed may be grouped for purposes of descrip- 
tion under the following general headings: 


I. Collecting agents. 
a. A method for quantifying collecting effect. 
b. Coating with undissolved collecting agents (oils). 
c. Action of dissolved collecting agents. 


II. Frothing agents. 


a. A method for quantifying frothing effect. 
b. Relation between frothing effect and chemical composition. 


III. Inorganic reagents. 
a. Methods of studying the effects of these reagents. 
b. Effect on slime dispersion. 
c. Effect on sulfides. 


SUMMARY OF THE ORIGINS OF PRESENT-DAY FLOTATION PRACTICE 


The first practicable, foolproof method of froth flotation was 
described in U. 8. Patent 835120, issued in 1906 to Sulman, Picard and 
Ballot, and in the equivalent patents in other countries. A number 
of less simple methods of producing the same result had been described 
previously in patent publications and otherwise.! The reagents specified 
in all of these early patents were “‘oils”’ and, in addition, some inorganic 
substance, usually an acid. The quantities of reagents recommended 
and added were enormous when compared with those used today. 


* Professor of Ore Dressing, School of Mines, Columbia University. 
+ Assistant Professor of Organic Chemistry, Columbia University. 
t Lecturer in Mining, School of Mines, Columbia University. 
1A. F. Taggart: Handbook of Ore Dressing, 790. New York and London, 1927, 
John Wiley & Sons, Inc.; Chapman & Hall, Ltd. 
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Patent 835120, which was sustained in the U. 8S. Supreme Court largely 
on the basis of an erroneous theory that the physical phenomena involved 
passed through a critical point as the quantity of oil was reduced, speci- 
fied 1 per cent. by weight on the ore as its upper limit of operable oil 
quantity, and it was not until after many years of practice that the quan- 
tities of oil generally used got down to between 1 and 2 lb. per ton of ore. 

The history of inorganic reagents is the same. Sulfuric acid was 
generally used, in quantities ranging from as high as 100 lb. per ton of 
ore down so rarely less than 5 lb. per ton. Almost the entire list of cheap 
inorganic electrolytes has been suggested and tried. Larly practice 
tended toward acid and neutral compounds while present-day practice 
employs alkaline compounds predominantly, and the quantities rarely 
exceed 5 lb. per ton of ore. 

In 1910, U. S. Patent 962678 for a soluble mineral-frothing agent was 
issued to Sulman, Greenway and Higgins, and companion patents were 
taken out in many other countries by the patent-holding corporation, 
Minerals Separation, Ltd., and its subsidiaries. On its face this patent 
was for use as the froth-producing agent in a particular type of froth 
flotation; viz., the agitation-froth process,” of certain classes of water- 
soluble organic compounds of which the specific examples of the patent 
were: “‘amyl acetate and other esters; phenol and its homologues; 
benzoic, valerianic and lactic acids; acetones and other ketones such 
as camphor.”’ 

The patent corporation, however, succeeded in convincing the courts 
of the Third Circuit that this Patent covered, in addition to the soluble 
organic compounds specifically listed or generically indicated, the water- 


soluble portions of the “oils” of patent 835120, on the theory, good for’ 


patent litigation but of no weight scientifically, that while oils floated 
sulfide minerals because they coated them, these soluble mineral-frothing 
agents must act in some different way because, being in solution, they 
could not coat. The quantity of soluble mineral-frothing agent to be 
used was not definitely specified in Patent 962678; actually amounts 
of the specific agents named, ranging from a fraction of a pound to 
upwards of 50 lb. per ton, were required, according to the ore and 
the reagent. 

During the period from 1913, when froth flotation was first introduced 
in commercial operation in the United States, to 1921, when the Perkins 
patent, U.S. 1364304, was issued, there gradually developed a realization 
among operators and experimenters that the organic flotation agents 
played a twofold part; viz., that they, on the one hand, effected a segrega- 
tion or “collection” of valuable mineral from gangue, and, on the other 
affected the properties of the pulp water in such a way as to promote 
froth formation. In line with this understanding of their functions, a 


2A. F. Taggart: Op. cit., 796. 
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workable classification of organic flotation agents into “collectors” and 
“frothers’”’ had developed in both operating and experimental termi- 
nology. Perkins, as the result of a masterly campaign of laboratory 
experiment, definitely segregated the frothing and collecting functions 
and discovered—and, in Patent 1364304, described—the new and highly 
effective type of collecting agent which is almost universally used today, 
and he pointed out the chemical characteristics upon which their action 
depends. The xanthates, thioureas, thioalcohols, diazo and amino 
compounds are typical examples of this class. 

Perkins and his coworkers also found that the typical water-soluble 
organic collecting agents function best in pulps that are neutral or 
slightly alkaline, and while the possibility of treating certain ores in 
such pulps with oils had already been discovered, substantially universal 
discontinuance of acid pulps has now taken place, with resulting large 
economies in mill operation. 

In the early work with flotation practically all of the sulfide minerals 
in an ore were floated alike, zine with lead, iron with zinc or with copper, 
zine with copper, etc. Many attempts at differential flotation of the 
sulfides are recorded in patent literature, most of them depending on the 
introduction of some reagent, in addition to the collecting and frothing 
agents, which was intended to have the power either to retard flotation 
of one of the sulfides or to accelerate flotation of the other. Practical 
and relatively universal solution of the problem did not come until the 
disclosure in 1922 by Sheridan and Griswold (U. 8. Patents 1421585 and 
1427235) that minute amounts of metallic cyanides caused marked 
lessening of the floatability of zinc and iron sulfides with respect to those 
of copper and lead. This discovery has completely changed the aspect 
of the zine and lead markets of the world by changing a great number of 
substantially worthless deposits of complex lead-zinc-iron sulfides into 
valuable ores. The effect on copper has been less striking but is only 
slightly less important economically. 

No such impressive record of achievement exists in the treatment of 
oxidized sulfide ores and of other non-sulfide ores by flotation, but such 
commercial work as has been done by sulfidizing oxidized sulfide surfaces 
and then floating, the laboratory work published by Gaudin, Glover, 
Hansen and Orr’, and some of the experimental work set forth in the 
present paper indicate that an economical solution depends only on 
application of facts and principles already known. 


I. Cotuecting AGENTS 


The preceding section sets forth what purport to be three different 
classes of reagents that effect collection of sulfide minerals: (1) oils, (2) 


3Dept. of Min. and Met. Research, University of Utah, T'ech. Paper No. 1. 
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soluble organic compounds that froth, (3) soluble organic compounds that 
do not froth. 

As a first step in developing possible differences the following “‘cap- 
tive-bubble test”’ was devised for quantifying collecting effect. 


NWN ARNE 


Fia. 2. Geos 
Fic. 2.—LONGITUDINAL SECTION OF BUBBLE HOLDER. ALL TRANSVERSE SECTIONS 
ARE CIRCLES. (FULL SIZE.) 


Fig. 3.—STAGES IN INVESTIGATION OF A GOOD COLLECTOR. 
a. Bubble just after being brought into contact with a particle of galena in distilled 


er. 
b. Bubble in contact with same particle in 140,000 potassium xanthate. 
c. Distortion of bubble when holder is backed away unit distance. 
d. Distortion of bubble when holder is withdrawn twice unit distance. _ ; 
e. Relative positions of captive bubble and particle just after rupture; 2. €., post- 
tion for ‘‘distortion”’ measurement. 
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Captive-bubble Test 


In the trial of Minerals Separation, Ltd. vs. Miami Copper Co., W. M. 
Grosvenor performed an experiment in which bubbles, held captive in the 
bulb of a small thistle tube inverted under water, were used in attempts to 
pick up small mineral particles. This idea, amplified into the apparatus 
herein called the ‘bubble machine,” gives a semiquantitative measure of 
collecting effect. 

* The bubble machine (Fig. 1) consists essentially of a camera a so set 
as to record on ground glass or a photographic plate the performance at 
a particle surface of a captive air bubble when both particle and bubble 
are immersed in a liquid in container b. This container is a plate-glass 
cell 214 by 214 by 3¢ in. inside, illuminated through the condensing lens 
¢ by the arc lamp d. The frame e carries a two-way vernier plate f* to 
which is attached a bubble holder (Fig. 2). This is made of glass, with 
inside diameter of the bubble cup A 2 to 4 mm., and is so held as to pro- 
ject down into the cell 6, in the upright position shown in Fig. 2. 

Operation of the bubble machine consists in filling the cell with 
the liquid whose collecting effect is to be tested, placing therein on the 
bottom of the cell the particle to be tested, immersing the cup of the 
bubble holder just below the surface of the liquid, and forming therein a 
bubble of the desired size by means of a curved medicine dropper, then, 
by means of the vernier screws, bringing the bubble down until the 
lower surface just makes contact with the upper surface of the particle, 
at the same time watching the operation on the ground glass of the 
camera. If collection is poor, there is little or no displacement of liquid 
from the particle surface by the bubble; if a good collector is present, the 
bubble spreads vigorously at the particle surface, displacing the liquid, 
until a position of equilibrium is reached at which the air-liquid contact 
apparently makes a definite angle with the liquid-solid contact surface 
adjacent. Fig. 3 gives photographs taken at several stages in the 
investigation of a good collector. Since the ability of the bubble to 
attach to and raise the particle is a function (1) of the ease with which 
the air of the bubble displaces liquid from the solid surface and (2) of the 
direction in which the pull of the bubble (due to its buoyancy) is exerted, 
the magnitude of the contact angle is one measure of the collecting 
effect of the liquid in which particle and bubble are immersed. This 
angle (0, Fig. 3a) is, therefore, measured on the projection of the image 
on the ground glass (or on the photograph). The bubble holder is then 
backed upward by means of the vernier, when the buoyancy of the bubble 
causes it to tend to rise, while at the same time it remains attached to the 
particle. If, as is normally the case, the particle is too heavy to be lifted 


4 This. was actually a mechanical stage from one of the laboratory microscopes. 
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tinues until the bubble pulls away from the particle surface and assumes 
the position shown in Fig. 3e. Fig. 4 is from a tracing from a number of 
series of photographs such as are shown in Fig. 3. In this figure the 
distance e represents the deformation that the bubble has suffered before 
rupture of the contact, and since, for bubbles of the same size, this 
deformation is proportional to the pull exerted by the bubble, its magni- 
tude affords another measure of collecting effect. Dividing the measured 
distortion e by the diameter of the bubble eliminates the effect of bubble 
size and gives a ratio, herein called ‘distortion ratio.’ Since it is 
difficult to get mineral particles so clean that they show no tendency 
at all to attach to air bubbles, the contact angle and distortion ratio were 
always first taken with all test pieces in distilled water before treatment 
with the solution and these figures deducted from the corresponding 
figures for the observation with the reagent. The arithmetical average 
of the net contact angle and net distortion ratio (the latter multiplied by 
100 to make it of the same order of magnitude as the contact angle 
measured in degrees) is called herein the “collecting index.” 

Fig. 3 shows two sets of photographs from which the measurements 
necessary to calculate the collecting index for a 1/40,000 solution of 
potassium xanthate (one part xanthate to 40,000 parts of water) were 
taken. Fig. 3a shows the bubble 6 just after being brought into contact 
with a piece of galena g in distilled water. The contact angle @ is indi- 
cated. Fig. 3b shows the position taken by a bubble brought into 
contact with the same galena surface, but this time in a solution of 
1/40,000 potassium xanthate. Fig. 3c shows the way in which the bubble 
becomes distorted when the holder is backed away a unit distance 
(1 cm. on the scale of the original photograph). Fig. 3d shows the dis- 
tortion after withdrawal of the bubble holder through twice the unit 
distance. Fig. 3e shows the relative positions of captive bubble and 
particle just after rupture and gives the position for the ‘“distortion”’ 
measurement. The distance d is the ‘‘distortion,’”’ and this distance 
divided by the bubble height H, Fig. 4, line 1, row 3, is the “distortion 
ratio.” The contact angle in Fig. 3a is 15°, and in Fig. 3b, 60°, giving an 
increase in contact angle due to the reagent of 45°. The distortion for 
the bubble in distilled water on galena was 1.45 em., the bubble height, 
9.6 cm., and the distortion ratio, 0.15. The corresponding ratio for Fig. 
3e is 0.34, and the excess over the distilled-water blank, 0.19. Multiply- 
ing this difference by 100 to make the figure of the same order of magni- 
tude as the difference in contact angles, and averaging with this difference 
gives 32 for the ‘collecting index” of potassium xanthate solution 
against galena. 

Table 1 (p. 332) gives the relative collecting indices for a number of 
familiar flotation agents, recalculated on the basis of 100 as the index for 
1/40,000 potassium xanthate solution. 


Te 
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Coating with Oils 


The net contact angles, distortion ratios, and collecting indices for 
emulsions of a number of different oils are givenin Table 1. The particles 
were treated by holding them in tweezers and shaking them back and 
forth for a period of five minutes below the surface of an emulsion of 
the oil of the indicated strength, then transferring to clean water for 
the bubble measurement. ® 

One of the slogans of the early flotation litigation was that the amount 
of oil necessary in the agitation-froth process was so minute that in the 
operation it disappeared from cognizance of the senses. While this 
showy generalization was not at the time strictly true, later developments 
of the process to the point where frothing was effected with less than 1 lb. 
of, say, pine oil per ton of ore produced a concentrate and tailing in which 
neither sight nor the senses of smell or taste, unless most acute, could 
detect any oil. But the method of microscopic investigation devised 
by Tucker and Head® shows that undissolved oil produces coatings on 
sulfide particles which are of such thickness in certain parts, at least, 
as to be readily visible at 100 to 200 magnifications. Fig. 5, showing 
sphalerite after agitation in an emulsion of one part pine oil in 8000 
of water, is typical. The contour-like lines visible in some of the oil 
patches show up as bands of different colors by direct examination. 
Fig. 6 shows a pine-oil coating on galena (one part pine oil to 4000 of 
water) in which the oil patches are smaller. (The clear part of the photo- 
graph is the protected portion.) Many of the individual oil patches 
in this field show the characteristic color banding under higher magnifica- 
tion. Fig. 7 shows a small section of one of the lines in a finger print 
with the grease deposits so thick in parts of the picture as to appear 
like mountains. Fig. 4 contains a line reproduction of a captive-bubble 
test with a 1/50,000 emulsion of pine oil. The galena particle showed 
no microscopically visible oil coating. The relative collecting index for 
the emulsion was 0. 

It would appear on the strength of these tests that the collecting 
action of oil requires the formation of films or coatings of oil on the sur- 
face of the mineral particles of such thickness as to be visible, in part 
at least, under the microscope at medium magnifications.’ 


5It has been established that the collecting index thus measured is the same, 
within the limits of experimental error, as when measured in the emulsion, and the 
observation is much easier to make in clear liquid. 

6. L. Tucker and R. E. Head: Effect on Cyanogen Compounds on Floatability 
of Pure Sulfide Minerals. Trans. (1926) 73, 354. See also page 321 of this volume. 

7 The apparent contradiction to this conclusion presented by the fact that a certain 
amount of flotation can be effected with an emulsion of 1/50,000 pine oil, which, 
according to Fig. 4 shows no appreciable collecting power and forms no visible coat- 
ings, arises from the fact that the bubble machine is a somewhat more rigid test 
apparatus than a flotation machine that is frothing freely. 
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The explanation of the action of an oil coating in causing collection 
involves consideration of the solubility of the oil molecules, or the relative 
solubilities of different parts of them, in water, and perhaps also of the 
relative energies of the different interfaces involved, although it is not 
impossible that in several of the cases to be considered this latter factor 
should, properly, be merged in the first. 

If we study first a system composed of galena, water and Nujol 
(a liquid paraffin [oil] as nearly insoluble in water as any liquid that 


Fig. 8.—NvJou In CONTACT WITH GALENA PARTICLE IN DISTILLED WATER 


the authors have been able to find), bringing a drop of the Nujol to a 
freshly cleaved and microscopically clean surface of galena in distilled 
water, the system assumes the position shown in Fig. 8. From the fact 
that the oil-galena interface increases at the expense of the water-galena 
interface, it follows, on the principle of least energy, that the surface 
energy per unit of area of the oil-galena interface is less than that of the 
water-galena interface. This conclusion is not, however, capable of 
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Fig. 9.—a. CAPTIVE AIR BUBBLE OUT OF CONTACT WITH OILED SURFACE. 0b. SYSTEM 
IN EQUILIBRIUM AFTER CONTACT. 


direct proof on account of the impossibility, in the present state of 
knowledge, of measuring surface tension at solid-fluid interfaces. Con- 
sequently, although the conclusion is probably a correct one, it must 
be adopted with caution. 

If, next, the Nujol is caused to form a thin film on a similar galena 
surface (by moving the galena particle around vigorously in a water 
emulsion of Nujol) and a captive air bubble (Fig. 9a) is brought into 
contact with the oiled surface, it spreads out thereon, displacing the 
water, until the system comes into equilibrium in some such position as 
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shown in Fig. 9b. In this case we are able to establish by independent 
proof—i. e., surface-tension measurements—the explanation reached 
from the least-energy argument in connection with the Nujol-water- 
galena experiment above; viz., that the surface tension of an air-Nujol 
interface is less than that of a water-Nujol interface and consequently 
the former increases at the expense of the latter until a condition of least 
energy is reached in the air-water-Nujol system. Thus the surface 
tensions, by the de Nuoy ring method,’ of air-Nujol and water-Nujol 
interfaces are approximately 33 and 41 dynes per cm. respectively 
(room temperature). 

An approximation of the energy drop involved when an air bubble 
spreads at a Nujol-water interface may be gained by applying known 
surface tensions to the surfaces pictured in Fig. 9. In 9a a captive 
bubble is pictured before coming into contact with the oil-coated galena; 
in 9b the bubble has been brought into contact with the galena and has 
spread out to a position shown in somewhat exaggerated form as 
cylindrical. (Actually the air-water-oil—on solid—contact angle, 
measured through the water, is 65° to 70° instead of 90° and the air 
volume between the bottom of the bubble holder and the oiled—solid— 
surface approximates a conical frustum more closely than it does a 
cylinder, but the approximate calculation is easier on the cylinder assump- 
tion, and the direction of difference is the same as in the actual case, 
though the magnitude of the difference in the actual case is not quite so 
great.) Since Nujol is insoluble in water it does not affect the surface 
tension of an air-water interface. Hence the total surface energy of the 


md? 
2 
centimeters. The area of the cylindrical surface in 9b inclosing a volume 


hemispherical air bubble at 9a is X 73 = 36.57d? ergs, where d isin 


; es! Se : : 
equal to that of the hemisphere, is —,- and the air-water surface energy in 


3 
we? : F 
b is a xX 73 = 24.3rd? ergs. The air-oil surface energy in 6 is _ x 
33 = 8.2rd* ergs, and the water-oil surface energy of the area in a which 
tpi? Enis 
in bis in contact with air is ae oy 41 = 10.2rd* ergs. The total energy of 


the system under consideration before contact (Fig. 9a) was, therefore, 
36.57d? + 10.2rd? = 46.7rd? ergs; after contact (Fig. 9b), 24.31d? + 
8.27d? = 32.5rd* ergs. The difference, 14.2rd? ergs, is proportional to 
the force which drives the readjustment. 

Further confirmation of this reasoning lies in the fact that if an air 
bubble is brought into contact, under water, with a droplet of Nujol, it 
displaces water from a portion of the oil surface and the two bubbles, oil 


and air, stick together; but, since Nujol does not affect the surface tension 
ee Eee 
8 Jnl. Genl. Physiology, 7, 521. 
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of the air-water interface, the Nujol does not surround the bubble aCe 
does not spread.® 

These facts correlate plausibly with the hypothesis (which has 
considerable experimental support) that the surface energy of a liquid- 
liquid or gas-liquid (and probably of solid-liquid and solid-gas interfaces) 
is a function of the mutual miscibilities of the contacting phases. The 
surface tension of a liquid against its own vapor (as in a vacuum) 
decreases with increase in temperature to zero at the critical temperature. 
But the critical state represents the condition when the vapor tension is a 
maximum and movement of molecules across the gas-liquid boundary is 
most free. On the other hand, at low temperatures and low vapor ten- 
sions, movement of molecules through the bounding surface is sluggish 
and difficult and surface tension is high. In the case of a two-phase 
liquid system, if the contacting phases are but slightly miscible and 
readily saturated with each other, the condition corresponds to that of a 
liquid at low temperature and the interfacial tension is usually fairly 
high; with high mutual solubility and consequent freedom of molec- 
ular movement through the interface, conditions correspond to those 
in a liquid at elevated temperature and the interfacial tension is 
correspondingly low. 

If this correlation is accepted, it is possible to think of the behavior 
of the captive bubble in terms of the solubility of the oil in the water and 
say that the reason that air displaces water from the oil surface is due 
to the reluctance of the oil molecules to become or remain surrounded by 
or in contact with water when opportunity is presented for them to escape 
this contact. This method of thinking is of great aid throughout in 
considering the phenomena of collection. 

If, in the experiment pictured in Fig. 9, oleic acid is substituted for 
Nujol, it acts in the same way throughout except that when a bubble is 
presented under water to a drop of oleic acid, there is no tendency for the 
bubble to spread out; on the contrary, some of the acid leaves the mass 
and surrounds the bubble. 

This difference in action is due to differences in the chemical character 
of the molecules. Liquid paraffin is a mixture of compounds of the 
general formula C,H2,;2 where n ranges from 10 to 14. The structural 


formula is 


H H H H HHH 
AGs=62-G- "<0 C=0—C H, 
H H H H H HH 


9Care must be taken in performing this experiment to have all of the entering 
constituents rigorously clean, and free of soluble organic materials, since these fre- 
quently are capable of dissolving in the oil and causing it to lower the air-water 
surface tension and therefore spread at this interface; 27. e., surround the bubble. 
The bubble-machine apparatus is ideal for following this phenomenon. 
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the dotted line representing suitable repetition of C to make up the 
H 


requisite number of carbon and hydrogen atoms. The actual structure 
of the molecule is not, of course, correctly represented by this symbol, 
but no considerable violence to the facts will be done by visualizing the 
molecule as of some such general configuration, although in three dimen- 
sions. The molecular formula for oleic acid is Cy,;H33.COOH and the 
structural formula is 


H HO Hn eee ee 
H C—C—C—C—C—C—C—C—C—C-.-C—COOH. 
Hy HV eo Vis 


Disregarding the double bond (marked with * and coming between 
carbon 8 and carbon 9), which has no significant part in the present 
reasoning, this molecule may likewise be pictured as having some such 
general configuration as that of its structural formula representation, 


peace Water es 


or perhaps more concretely as like a match stick in general outline,'® 
the stick part made up of the CH, (hydrocarbon) groups and the head 
representing the COOH group (called carboxyl). These two parts of the 
molecule differ greatly in their solubility in water, the hydrocarbons being 
substantially insoluble and the carboxyl highly soluble.!! 

With these differences between Nujol and oleic acid in mind, the 
difference in behavior of the two oils in the bubble experiment is 
readily explained. The Nujol molecule as a whole, being insoluble in 
water, tended to get away from the water, but at the surface of the blob 
of oleic acid (the oil of Fig. 8) the molecules have all oriented themselves 
so as to have the carboxyl toward the water and the hydrocarbon, there- 
fore, away (Fig. 10), since thus they at once satisfy the solubility tend- 
encies in water of the two parts of the molecule. When the air bubble 
is presented (Fig. 11), however, since the solubility tendencies are further 
satisfied by spreading of the oil around the bubble, such spreading occurs. 


But there is no tendency for the bubble to spread out and displace water 
from the oil surface. 


“T. Langmuir: Constitution and Fundamental Properties of Liquids. Jnl. 
Amer. Chem, Soe. (1917) 39, 1848. 


" For further development of this thesis see page 312. 
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When, however, oleic acid is smeared in a very thin film on to a mineral 
surface, the molecules in the thinnest or monomolecular part of the film 
orient with the carboxyl end toward the mineral. The experimental 
work and argument underlying this conclusion are as follows: 

1. If the system shown in Fig. 8 is placed in a vacuum tank with 
horizontal plate-glass top arranged to permit examination at 30 to 50 
magnifications, of the upper mineral and oil surfaces, then shortly after a 
vacuum is applied gas (air) bubbles precipitate around the periphery of 
the dot, slightly away from the visible oil. There is no precipitation 
either on the visible oil or on the mineral surface at a distance therefrom. 
Consequently, since attachment of bubbles by precipitation and by the 
mechanical means of the captive-bubble method are different phases of 
the same phenomenon, and since it has been proved independently that 
there is no such attachment by either method with clean surfaces, we must 


conclude that the visible oil of Fig. 8 is surrounded by a ring-shaped area 
of very thinly yet definitely oil-filmed surface. 

2. If a clean water surface is carefully filmed, one molecule deep’ 
with oleic acid, the orientation of the oleic acid molecules with respect to 
the air and water will be as shown in Fig. 11. Ifa piece of clean platinum, 
on which no air will precipitate under water, is placed down through the 
oil-filmed water surface, and a vacuum is applied, no air will precipitate, 
and the area of oil-filmed water will remain the same. This indicates that 
there has been no oil-filming of the platinum, both by the fact that the air 
failed to precipitate and by the further fact that there is no diminution in 
the area of water-surface contamination. 

If, however, the clean platinum is placed in clean water, a monomole- 
cular layer of oleic acid formed on the surface of the water, the platinum 
brought up through this surface into the air and allowed to drain, and then 
placed in clean water, gas precipitation occurs on the platinum surface 
when external pressure is reduced; 7. e., the platinum is now oil-filmed. 

Looking again at Fig. 11, it will be clear that when the platinum passes 
from air into water the platinum surface is presented to the hydrocarbon 


127, Langmuir: Op. cit. 
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ends of the oleic-acid molecules, while when passing from water into air 
it is presented to the carboxyl end. Since oil-coating occurs in the second 
case, it would appear that in this system contact of carboxyl with plati- 
num is essential to adhesion, in which case, after adhesion, hydrocarbon 
is presented to the water. If we can reason from platinum to galena, and 
there is no apparent objection, the thin invisible film of oleic acid sur- 
rounding the visible droplet in Fig. 8 is oriented with the water-repelling 
hydrocarbon end toward the water, and when a bubble is brought up to 
this it displaces the water, just as in the case of Nujol. Under such 
circumstances, air bubbles displace water from oiled mineral surfaces 
and adhere to them, which is the essence of collection. 

Adhesion between a monomolecular film of oleic acid and a base-metal 
particle has commonly been attributed to adsorption; 7. e., to the fact that 
the interface water-solid has a higher energy per unit of surface than the 
sum of the energies solid-oil and oil-water. But, since neither of the 
solid-surface tensions can be determined, this ‘‘explanation”’ is nothing 
more than a statement that, if this were an adsorption phenomenon, this 
relation between surface tensions must be true, according to the Law of 
Least Energy. The latter is quite a different statement from the former. 

It is not at all improbable that this particular coating phenomenon is 
of the same nature as that with the sulfhydrate type of soluble collecting 
agents, described on page 303, and that there is chemical reaction of the 
double-decomposition type between a soluble salt or base, developed at 
the surface of the metallic particles, and the organic acid. 


Action of Dissolved Collecting Agents 


When we consider soluble collecting agents, the mechanism of the 
collecting phenomenon is harder to visualize than with oils, although the 
action of the agent at the sulfide surface is easier to describe in established 
scientific terminology. 

Flotation procedure with soluble collecting agents is similar to the old 
procedure with oils, except that it is unnecessary to agitate the pulp 
as vigorously as is necessary with oil to coat the mineral particles. Simple 
immersion in a solution of one of the soluble collecting agents changes 
markedly the reaction of a sulfide particle toward bubbles, and 
this changed condition survives removal of the sulfide to fresh water 
in just the same way that the effect persists with oils. But there is no 
change in the sulfide surface, provided that it was originally clean and 
bright; that is, to any extent detectable either visually or photographi- 
cally, even with the highest powered microscopes. On the other hand, 
analysis proves marked removal of collecting agent by the sulfide, and 
suitable experiment further proves that the material taken out is either 
the collecting agent as such or in an analogous chemical form readily 
transformed back to the original compound or to one closely allied thereto. 


See 


~~ 


a 
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The discoverer of the soluble collecting agents (C. L. Perkins, U. 8. 
Patent 1364304) sets forth their essential chemical and physical char- 
acteristics as follows: 

1. Organic. 

2. Slightly soluble in water. 

3. Chemically reduced and easily oxidizable. 

He specifies further that they should be nonoleaginous and nonfroth- 
ing, which are important characteristics from a practical flotation stand- 
point as well as from a legal point of view, but are not vital scientifically. 
The reagents named in the patent writing all contained either sulfur or 
nitrogen or both, and the action of the named reagents, as will be seen 
later, is dependent on these particular constituents, but collecting agents 
of similar action not containing either of these elements are embraced 
within the field of chemically reduced and easily oxidizable organic com- 
pounds slightly soluble in water, so that the presence of these elements 
is not necessary in this type of reagent. 

The experimental work and argument that follow will be most readily 
understood, perhaps, if the conclusion to which they lead is first set 
down, as follows: 

Soluble organic collecting agents function by reacting chemically 
with the surface substance of the mineral particle to be collected, thereby 
forming an organic reaction product that is insoluble in water in the 
concentration present, and adheres at the reacting surface and thereby 
changes that surface, for all practical purposes, to an organic surface 
with water-repelling properties. 

That cementation of the molecules of collecting agent to the mineral 
particles is dependent on one part of the molecule, water repellency to 
another part, and that the active molecules are oriented, are proved 
by the following set of experiments. 

1. 500 g. of galena was ground in a laboratory pebble mill for 30 
min. in 350 ¢.c. of an aqueous solution of thiocarbanilid (see structural 
formula, Fig. 12) containing 63 mg. of the reagent (the grinding being 
approximately to all through 65-mesh) ; 79.4 per cent. of the thiocarbanilid 
was abstracted. Thiocarbanilid has a relative collecting index of 100. 

A corresponding test with carbanilid, the oxygen analog of thio- 
carbanilid (see Fig. 12), was attempted but on account of the very low 
solubility of this compound and the consequent uncertainty concerning 
the results, the investigation was turned to the monopheny] analogs. 

2. 500 g. of galena was similarly ground for 30 min. with 250 c.c. 
of an aqueous solution containing 18 mg. of monopheny! thiourea (Fig. 
12). The solution, after the grinding, contained 3 mg. of the reagent, 
indicating 83 per cent. abstraction. (Relative collecting index, 59.) 

3. In a parallel test with monophenyl urea (Fig. 12), 25 mg. went 
in and 23.2 mg. remained in solution, indicating 7.2 per cent. abstraction. 


(Relative collecting index, -6-) 
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4. In a parallel test with thiourea (see Fig. 12), 62.5 mg. was added 
and 42 per cent. was abstracted by the galena. But the collecting index 
of thiourea is very low (5, Table 1 and Table 3 No. 453), which indicates 
that the coating has a depressing effect. 

5. In a parallel test with urea (see Fig. 12), 61.6 mg. of the reagent 
added, there was no abstraction. Such a solution shows no useful 
collecting effect (see Table 3). 


CoHs C.;Hs 
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eo ee C,H; 
N N NY 
A Na Oe i NS 
ress si eas 
me a \w% 
C,H; H ‘a 
Carbanilid (diphenyl urea) Monophenyl thiourea Monophenyl urea 
pe C,;H,z—OH 
me N 
ao o 5-0" a 
ve 
ae 
Xs Re 
H C,;H,—OH 
Thiourea Dioxyphenyl thiourea 
H 
ae 
A é ne 
o-0 8 
DN 
N 
S 
H 
Urea 


Fie. 12.—SrRUCTURAL FORMULAS, UREAS. 


6. Dioxyphenyl thiourea (see Fig. 12) shows no collecting action in a 
flotation test (see Table 3, No. 209). 
Comparison of paragraphs 2 and 4 with 3 and 5 shows that abstraction 
is a function of the sulfur group in the molecule; that when sulfur is 
replaced by oxygen, the remainder of the molecule remaining the same 
abstraction fails. ; 
. Comparison of paragraphs 2 and 4 shows that water repulsion resides 
in the C.Hs groups; 7. e., while the reagent is abstracted in both cases, 


Se ee 
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it is only when the mineral coating thus formed contains this water- 
insoluble hydrocarbon group that collection is effected. Indeed, in the 
reverse case, when the part of the molecule not involved in the cementa- 
tion is N He, as in paragraph 4, the flotation test cited indicates that the 
solubilizing NH». group renders the surface so water-avid as to make 
thiourea rate as a depressant. 

It is true that there is nothing in the experimental work cited here 
that directly proves orientation of the abstracted molecules, but with 
abstraction localized in one part of the molecule and water repulsion 
in another part, with the molecule placed at the interface between visible 
water and solid, and with unsymmetricality in form a comparatively 
well-established fact respecting organic molecules,!* the circumstantial 
evidence for orientation is strong. The fact cited in paragraph 5 also 
gives evidence on this point, although, lacking an abstraction test, it 
might be reasoned that the substitution of hydroxyl groups on the benzene 
ring had prevented mineral coating and that this was the reason for the 
failure of the dioxyphenyl thiourea to collect. 

If thiocresol (CH3.CsH4.SH) be taken as typical of one of the sulf- 
hydrate class of soluble collecting agents, the following record of experi- 
ments is relatively convincing on the score of chemical reaction with 
the mineral to be floated: 

1. Thiocresol (slightly soluble in water), if added to an aqueous 
solution of lead acetate or to an aqueous suspension of powdered lead 
carbonate or lead sulfate, reacts immediately to form a yellow precipitate 
of lead thiocresylate. With the sulfate the hydrogen-ion concentration 
increases and the filtrate gives a strong test for sulfate ion with barium 
chloride. These observed facts indicate a reaction of the type 


PbSO, + 2HS.C.sH.1.CH; — Pb(S8.Ce6H4.CHs3)2 + H2SO, 


from the products of which we get: (a) rise in H* concentration by 
ionization of the sulfuric acid; (6) reaction between H.SO, and BaCl, 
to give the characteristic white precipitate of barium sulfate; and (c) 
a water-repelling coating on the galena composed of the insoluble organic 
compound, lead thiocresylate. Quantitative work indicates that the 
reaction is not quite so simple as that set down, owing to the fact that 
the reacting lead compound is a basic sulfate rather than the simple 
sulfate, but otherwise the quantitative data confirm this hypothesis. 

2. A crystal of cerussite (natural lead carbonate) soaked in a solution 
of thiocresol becomes covered with a yellow coating of lead thiocresylate 
but is not rendered readily attachable to bubbles. The reaction is 


137. Langmuir: Op. cit. 
R. W. G. Wyckoff: The Structure of Crystals. New York, 1924. Chem. 


Catalog Co. 7 
W. H. Bragg and W. L. Bragg: X-rays and Crystal Structure. London, 1925 


G. Bell & Sons, Ltd. 
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simple double decomposition of the type described in paragraph 1, but 
the coating is so thick that there is no orientation (see par. 5). 

3. A crystal of galena soaked in thiocresol solution does not become 
visibly coated with lead thiocresylate, but its floatability (measured by 
the bubble machine) is markedly increased. 

4. Powdered galena, shaken with a solution of thiocresol, causes 
marked abstraction of the thiocresol from solution, but there is no meas- 
urable increase in S~ ion. 

5. A cerussite crystal soaked in a solution of H.S turns black (by the 
formation of a skin of PbS) and this blackened surface will not attach 
to air bubbles. Neither addition of thiocresol to the H.S solution nor 
quick transfer of the sulfidized particle to thiocresol solution results in 
any enhancement of floatability in the bubble machine. But if the 
sulfidized particle is exposed to the air for a short time (5 min.) and then 
immersed in a distilled-water solution of thiocresol, the floatability, as 
gaged by the bubble machine, is high. 

6. If galena powdered in air is shaken with distilled water, the hydro- 
gen-ion concentration increases and sufficient sulfate ion goes into solution 
to give a precipitate with barium chloride and enough lead, also, for an 
unmistakable test. 

7. When clean lump galena is ground in distilled water in an agate 
mortar or with silica pebbles in a porcelain mill, there is occasionally a 
faint odor of hydrogen sulfide,!4 the water becomes acid, and sulfate 
ion is present. 

These various experimental phenomena harmonize with the con- 
clusion that when galena is ground under oxidizing conditions the surface 
changes to a form of lead sulfate, which reacts with thiocresol to form 
an adherent coating of the relatively insoluble lead cresylate. It 
is probable that the lead ions in the galena lattice are but little, if at all, 
displaced in the progressive steps of change of sulfide ion to sulfate and 
displacement of sulfate by cresylate, in which case the changed surface 
layer is held to the body of the particle by the same interatomic forces 
as those by which the original surface layer of lead sulfide was held. 
But this new surface layer, being made up of water-repelling (insoluble) 


“4 Mellor reports that in a sealed tube with air-free water at 150-200°, hydrogen 
sulphide is formed, the liquid becomes alkaline, and in some cases a red powder, 
possibly red lead, is formed. A Comprehensive Treatise on Inorganic and Theoretical 
Chemistry, 7, 789, New York, 1927. Longmans, Green & Co. 

15 The apparent contradiction in the citation from Mellor under paragraph No. 7 
indicates that in the absence of oxygen the lead sulphide hydrolyzes to form Pb(OH)», 
a strong base, and HS, a weak acid. It is not impossible to conceive such a first step 
in the presence of oxygen, with subsequent oxidation of Sion to SO, = ion, but the 
extremely slow rate of oxidation of H.S to H,SO, in standing solutions of the former 
and the rapid formation of PbSO, in washing precipitated PbS in analytical work 
favors the view that the action on PbS in flotation pulps is direct oxidation. 


with salute badebeeal bpeepnitlte ead thus proses 
on sulfide particles that cause these to attach to air bubbles. 
1e better known of these are thiocarbanilid, thiocresol and } 


metal xanthates are soluble collecting agents of the general 
discussed but differ from them in two particulars, viz., (1) they 
nstead of hydrides, and (2) they are relatively soluble in water. 
If we assume that galena is first exposed to water and then xanthate 
‘solution i is added, the indicated sequence of reactions is: 

|. Galena + water + oxygen react to form an adherent coating on 
galena, thus: Galena.PbSO..PbO2.H.O. This reacts with xan- 
te as follows: ; 

~ 2. Galena.PbSO..PbO.H.O + 4K.SSCOC,H;—> 

Galena. Pb(SSCOC2Hs5)e. Pb(SSCOC2Hs)>» + 2KOH + K.SO0.4 
_ The conclusion indicated in the equations is supported by the follow- 
A oo experimental facts: 

I. Subsequent to placing the galena in water but prior to the addition 
of xanthate, there is a small but definite concentration of both [Pb]++ 
and [SO,]= ions in solution. 

On addition of xanthate there occur 

2. Abstraction of xanthate ion from solution. 

4 _ 3. Marked increase in concentration of [OH]- ion 

4, Marked increase in concentration of [SO,]= ion. 

'-—-—s«+5. No increase in concentration of [Pb]*+ ion. 

‘ The operating advantage of the alkali-metal xanthates over such a 

substance as thiocarbanilid lies in the greater solubility of the alkali 

galt and the consequent greater ease of dispersion through the pulp. 

- The xanthate ion in combination with hydrogen (xanthic acid) is just 
as slightly soluble as thiocarbanilid and furthermore is distinctly unstable, 

tending to pass over into dixanthogen, which is distinctly inferior as a 

collecting agent. 

- Experimental proof that chemical reaction of the double-decomposi- 
tion type is the basis of coating with collecting agents characterized 
by the presence of trivalent nitrogen is lacking. Sulfides abstract these 
compounds from solutions, and sulfides immersed in such solutions are 
thereby rendered readily attachable to air bubbles. These facts are 
readily proved. But we have as yet no series of simple tests, such as 
have been cited for the S-H compounds, to point experimentally to the 
conclusion that chemical reaction is the essential mechanism in the forma- 
tion of the water-repelling surface on the sulfides. 
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_ seats the collecting activity in the azo group, likewise trivalent nit 


Considering first the ty amino. 
evidence seems to be against assignm « 
to acidic amino hydrogen, for the rea 
amines are good collectors. Nevertheless the data p 
that the forces causing removal of the amino compoun 
are seated in the amino part of the molecule, as witness the r 
performances (Table 3) of naphthol and naphthylamine, phe 
aniline, cresol and toluidin. Linc Si 
A similar line of reasoning with respect to azo and diazo comp 


Thus azobenzene and azonaphthalene are collectors (see Table 1) 1 

benzophenone (see Table 3) is not a collector. (The rating of azobenzene 
and azonapthalene in Table 3 as noncollectors is due to failure to get th n 
into solution, as was done with much difficulty in the work on which ; 
Table 1 is based.) Similarly diazo-amino-benzene ranks as a collector — 
(Table 3) while benzanilid is a noncollector. as 

It is easy to say that the explanation of the observed siiokeaetiain ) 
nitrogen-bearing collecting agents from solution and the resultant ~ 
modification of sulfide surfaces is embraced in the word adsorption. But sh 
such an explanation is little more than a restatement of the fact, since _ 
the word adsorption means nothing more than concentration of a sub- 
stance from solution or suspension at the interface between the dispersing Be 
medium and some other phase with which this medium is in contact. In 
a broad use of the term, the coating of sulfide by S-H compounds, such as | 
thiocresol, is adsorption, although here the thiocresol molecule as a 
whole is not removed and a recognizable chemical reaction is the moving 
force in bringing about the result. In the case of the nitrogen-bearing __ 
collecting agents, it would be in accord with much of present-day specula- 
tion to credit an adsorption in which the motive force is due to the fact 
that the energy of the solution-solid system is reduced by concentration of 
the solute at the liquid-solid interface; in other words, to extend to the 
solution the same reasoning that has already been used in connection with 
oil-coating (p. 295). But such an explanation, in so far as it departs 
from the mere change in terminology involved in the introduction of the 
word adsorption, depends for verification upon the determination of 
solid-liquid surface tensions, and this, as has been previously stated, is 
not a possibility in the present state of knowledge. 

It seems to the authors, therefore, that less violence is done to intel- 
lectual proprieties in proposing that the abstraction of the trivalent 
nitrogen compounds is due to forces that lie near to the field of well- 
recognized chemical interaction which proposal rests upon analogy with 
the established behavior of the sulfhydrate class of soluble collecting 
agents than in setting up an adsorption hypothesis by an attempted 
analogy between the action of individual molecules in solution and that of 
groups of millions of molecules in the form of droplets of undissolved oil. 
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ered even more difficult to quantify than did collecting A A 
y trials the apparatus pictured diagrammatically in Fig. 13 was 
_ The small frothing cylinder a was 21 in. inside diameter by 
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ie ae Be ate through a 1¢-in. needle-type exhaust valve. The A 
nket was kept wet and was carefully cleaned with a strong water jet a 

er each test, but it was found impossible to keep the volume of air 
_ discharged through the blanket at a given pressure constant from day a 
fs, ti day or even from test to test and therefore the procedure described in | i 


the next paragraph was adopted. 
With the cell clean and empty and with enough air coming through 
_ the blanket to prevent downward passage of water, 100 c.c. of the 
__ solution or emulsion to be tested was poured in and the air supply reduced 
4 to the point where just enough air came through the blanket to cover 
_ from half to three-quarters of the surface with a layer of bubbles one 
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Fig. 13.—APPARATUS FOR QUANTIFICATION OF FROTHING EFFECT. 


d bubble deep. Twenty-five grams of ore (dry-ground through 65-mesh) 
-_was then added, and the pressure brought up at the rate of 1 in. of water 
- per 15 sec. until overflow started. Overflow was maintained for a period 
: of 5 min. at as nearly as possible a constant rate, similar to the eye to the 
rate obtaining in normal laboratory testing procedure; pressure and meter 
4 readings were made, and the collected overflow was weighed wet and dry. 
| The wet weight, expressed in grams of overflow per cubic foot of free air, 

gave a relative measure that was found to accord with qualitative experi- 

ence and was, therefore, adopted as having semiquantitative significance. 


Relation between Frothing Effect and Chemical Composition 


Table 2 shows the results of a number of frothing tests in the apparatus 
shown in Fig. 13, carried out by the method described. The figures for 
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pine oil, phenol and cresol are plotted in Figs. 14 to 16. These tests 
point to a number of interesting conclusions. 

The pine oil tests (Fig. 14) show that within the range of concentra- 
tions commonly in use (1 Ib. of reagent per ton of ore is equivalent to 
125 mg. per I. in a pulp containing 20 per cent. solids) the percentage 
of solids in the overflow will tend to increase with decrease in quantity of 
the frothing agent. The probable explanation of this fact is that with the 
smaller frothing effect that goes with the lower quantity of oil more air is 
necessary to effect a given overflow. This results in a more powerful 
upward current in the cell which carries more solid up with the water. 
The result is a familiar one in the mill in the watery, lightly loaded froth 
that comes with a moderate amount of over oiling. The rise seen in the 
branch of the curve to the right of 120 mg. per 1. is due to a modification 
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Fig. 14.—PINE-oIL FROTHING TESTS. 


of the same cause that brought about the rise to the left. During the test 
with this large amount of oil it was observed that the entire volume of the 
cell was filled with bubbles of relatively small size. This made it difficult 
for solid matter to settle, and consequently more was carried over. This 
condition in the cell is the same that obtains when the cell is forced with a 
small quantity of frothing agent present. 

The weights of solid matter and of water frothed over increase with 
increase in the concentration of pine oil, but at a decreasing rate. The 
rate of decrease in slope of the tangent to these curves is greater beyond 
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atter part of the test that the overflow rate is 


n that account. _ There is, of course, nothing in this behavior _ : 
ly well known in a general way to millmen. The curves do 
ver, that if a relatively high concentration of frothing agent is 


ady in use, little added frothing effect is to be expected from a rela- 
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a j Fig. 15.—CRrESOL FROTHING TESTS. 


The curve labeled “Grams per cubic foot per milligram per liter”’ 
emphasizes the desirability, from an economic standpoint, of using a 
powerful frother which gives a large variation in frothing effect for a 
relatively small change in concentration. 

The curves for cresol (Fig. 15) are similar in all respects to those for 
pine oil, but differ in the fact that the amount of overflow per cubic foot 
of air per milligram of reagent is less with cresol. 

The curves for phenol (Fig. 16) differ from those for cresol and pine 
oil in three important particulars. In the first place, the three curves 
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Fia. 16.—PHENOL FROTHING TESTS. 


minimum of the pine-oil curve (p. 308). Finally, it is to be noted that the : 
curve representing the weight of water overflowed per cubic foot of air 

per unit weight of reagent passes through a maximum in the higher . 
ranges of concentration. This was forecast in the curves for pine oil, 

and is probably a characteristic frothing phenomenon. 

An attempt was made to correlate the frothing effect of the pine-oil 
emulsions with the surface tension of the solutions. Surface-tension 
determinations were made with a de Nuoy ring balance on the emulsions 
used and on the supernatant liquids from the overflow and tailing from 
frothing tests. (Filtration of the products to obtain samples for surface- 
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7 a ; Fig. 17.—PiNE-OIL SURFACE-TENSION TESTS. 

; obvious explanations of this discrepancy. In the first place there is 
-_ eonsiderable evaporation of pine oil in the course of a test. In the 
-_ second place, the original emulsions of all but the most dilute mixtures 
x - contained a considerable amount of undissolved oil. Such oil concen- 
y trates by gravity at the surface of the original mixture but adheres to the 


_ solids in a frothing test and thereafter is ineffective to alter the surface 
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Fig. 18.—SuRFACE TENSION VERSUS FROTHING WITH PINE OIL. 


tension of either overflow or tailing water. This latter is undoubtedly 
the more important factor of the two discussed. 

The curves show the overflow water to have a lower surface tension 
than that of the tailing water at all concentrations of pine oil, demon- 
strating, of course, concentration in the bubble films during frothing." 
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16 For demonstration of the fact that any frothing agent attached to the mineral 
particle stays there, and hence could have no effect in these measurements, see A. F’. 
Taggart and A. M. Gaudin: Surface Tension and Adsorption Phenomena in Flota- 
tion. Trans. A. I. M. E, (1923) 68, 479, 
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The surface tension of the tailing water, for all concentrations within 
the range of present-day practice, is practically that of pure water, 
showing substantially complete utilization of the soluble oil, at least, 
in frothing. ; 

Fig. 18, which is derived from Figs. 17 and 14, shows the extreme 
importance in frothing of a reagent that causes great changes in surface 
tension for small changes in concentration. The increase in frothing 
effectiveness with difference in surface tension between overflow water 
and tailing water is practically a straight line throughout the usual 
concentration range. The fact that a concentration of pine oil of 20 mg. 
per l. is sufficient for effective flotation with a good nonfrothing collector, 
taken in connection with Fig. 17, shows that a surface-tension drop of 
3 to 4 dynes per cm., if caused by a small quantity of reagent, is sufficient 
for effective frothing. 

Table 2 forms the basis for an interesting generalization on the 
relation between chemical structure and frothing effect. . As has already 
been noted, the frothing effect of cresol is greater than that of phenol. 
But structurally cresol is phenol with a methyl (CH;) group replacing 
one of the hydrogens on the benzene ring. 


Methyl — CH; 
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In frothing, these unsymmetrical molecules pass into the air-water 
interface, orienting themselves with the water-avid hydroxyls in the 
water and the water-resisting CH, groups in the air. They thus lower 
the surface tension of the solution and, by reason of the fact that the 
change in surface tension is proportional to the concentration of hydro- 
carbon in the surface, make frothing possible. The readiness with 
which the molecules pass into the air-water interface and stay there is 
inversely proportional to the solubility of the hydrocarbon part, and this 
decreases with increase in hydrocarbon content. On the other hand, if 
hydrocarbon is loaded on until the solubility becomes very small, the 
difficulty in obtaining sufficient molecular dispersion becomes so great 
that the substance becomes impractical for flotation. Xylenol, naphthol 
and carvacrol (Table 3) are OH compounds of heavier hydrocarbon 
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NH, pad OH : as the ee etiarad group, the iia of 


amino analogs are the less vigorous frothers. Xylidin is next in the 


. amino series above toluidin and the order of increasing frothing effective- 
: ness within the series is, from the table, aniline, toluidin, xylidin. 


_ The comparison of effect of the hydroxyl and amino analogs brings 
ut the fact that all water-avid groups have not the same effect. Amino 


is not so vigorous a solublizer as OH (compare the solubilities of aniline 
_and phenol, toluidine and cresol given in Table 3), consequently the 
_ sharpness and rapidity of orientation of the amino-bearing molecules 


at the air-water interface are less. 
This topic is considered further on page 317. 


STATISTICAL STUDY OF THE RELATION BETWEEN STRUCTURE AND 
SOLUBILITY OF ORGANIC COMPOUNDS AND THEIR FUNCTION 
IN FLOTATION 


The most interesting and useful result, from a scientific standpoint, 


_of the work done on the water-soluble flotation agents, following Perkins’ 
discovery of soluble nonfrothing collecting agents, is the fact that we 


are now able to predict with relative certainty, knowing the structural 
formula and solubility of an organic compound, whether or not it will 


_ function as a frother or collector, which, and something as to its effi- 


ciency. Table 3 is made up from the list of substances tested by Perkins 
at the Mellon Institute of Industrial Research, University of Pittsburgh 
(Monograph of Metals Recovery Co. Industrial Fellowships Nos. 1, 2, 
3, 4, 5, 6, 7 and Extension, Nov. 1921); three lists of substances tested 
by T. A. Janny and B. 8. Morrow at the Utah Copper Co. and the Ana- 
conda Copper Mining Co. respectively and published in Book of Exhibits, 
Vol. I, Record C. C. A. Ninth Circuit, Metals Recovery Co. vs. Anaconda 
Copper Mining Co.; and from tests made by the authors at Columbia 
University. In this table the chemicals tested are listed in alphabetical 
order, followed by the usual structural formulas. The solubilities are 
mostly from the Handbook of Chemistry and Physics, 11th ed., by C. D. 
Hodgman and N. A. Lange, Chemical Rubber meeting Co., Cleteland 


Ohio, 1926. 
The numbers under the heading “‘ Results of flotation test’’ are both 


positive (no sign), and negative (minus sign). A positive number shows 
. the percentage increase in recovery over that obtainable by the use of 


frothing agent alone (pine oil), that the addition of the collecting agent 
effected, the denominator of the percentage fraction being the difference 


respective molecules being the same. Table 2 shows that these 
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‘collecting agents. Examination of the polar groups occurring in these 


and a parallel test with the same a 
agent gave 60 per cent. recovery, th inc 
collecting agent is 20 per cent. and this, divide 

between the recovery in the original pine-oil test and 
of 33, which is that recorded in the table under the headi 
Similarly with the negative numbers, except that the di 
original pine-oil percentage recovery. The lower-case letters rep 
estimates by the experimenter, no assays being made. The c 
headed “Classification’’ carries the authors’ estimates of the reag 


the first notation, F-C, signifies a frothing-collecting agent, the next — 
O-O, nonfrothing, noncollecting; etc. The next column lists the pol — 
groups; 7. e., those that are generally chemically active and water-avid, 
which, aeeeeine to the theory herein developed, constitute one of the ; 
indexes of flotation activity. The last column gives the number of . 
carbon atoms not attached to or forming part of a polar group (called 
“insoluble carbons’’). ad 
Table 3 shows that out of the 493 reagents tested, 79 were nonfrothing 


79 compounds shows the following percentage order of frequency: 
amino-nitrogen (N’’’, NH, NH») 28.4; azo (N:N) and diazo (N:N.N) 
nitrogen, 11.3; divalent sulfur (S’’), 11.2; thioamide (CSNH, CSNH2), 
8.6; hydroxyl (OH), 8.6; sulfhydrate, 8.0; and a scattering of others of 
which only one, CSeNH, is significant. In only 12.7 per cent. of the 
nonfrothing collectors are nitrogen and sulfur both absent. This fact 
so nearly justifies the conclusion that the presence of trivalent nitrogen 
or divalent sulfur is necessary in a reagent of this class as to warrant £3 
close scrutiny of the apparent exceptions. The first, chlornitrobenzene 
[p], forms an oily liquid when mixed with acid water; p-chlortoluene is 
an oily liquid, only slightly soluble in water, and used in the quantity 
of 1 lb. per ton, as was done in the tests recorded, may easily be excluded 
here as having acted as an oil. This exclusion is the more readily justi- 
fied in view of the fact (p. 317) that the presence of halogen in a com- 
pound is generally distinctly detrimental to collecting action by dissolved 
chemical compounds. Ethyl nitrobenzoate [m] should probably have 
been classed as a frother, as was its para isomer, No. 232. Lauric acid 

is a greasy solid, of the general class of fatty acids of the oil patent 
835120, and most of its collecting effect was probably due to 
mechanical greasing of the mineral-particle surfaces. This leaves as 
unexplained exceptions to the general rule iodoform, nitronaphthalene, - 
nitroso [8] naphthol, trichlor benzene, and trinitrotoluene. 
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unds of this class the carbon-oxygen ratio is 6 or greater; and in 79.5 per 
. the solubility is rated as “‘slight”’ or some lesser degree. 
Jf 114 reagents that rate as noncollecting frothers (F-O), 110 or 
per cent. contain an oxygen-bearing polar group. The principal 
aracteristic frothing groups, in the order of decreasing frequency 
of occurrence are OH (hydroxyl), CO (carbonyl), COOH (carboxyl), 
CONH (amide), COO (ester) and COC (ether). An amino group als | 
occurs in many of the pure frothers, but in none is this the sole polar group- 
The mean number of “insoluble carbons” in these 114 compounds 
is 5.5; only 34.5 per cent. have a carbon-oxygen ratio of 6 or greater; 
Js more than half of the compounds fall in the solubility groups ‘‘soluble’”’ 
and “slightly soluble,” with more than half of the remainder lying toward 
the less soluble side of this range. - 

Of 66 frothing-collecting agents (F-C), 28 contained an amino group 
as the only polar group. This is entirely sufficient to establish the 
amino grouping as capable, in proper combinations, of froth production as 

well as mineral collection (p. 313). In 9 out of the 66 compounds, the 

__. only polar group was one in which oxygen was linked with carbon. This 
ig the grouping that predominates in the pure frothers and the one - 
_ characteristic of the compounds listed in Patent 962678 (p. 286). 

_ Thirteen of the 66 carry both carbon-oxygen groups and amino groups, 
and their combined frothing and collecting power is precisely what is to 

be expected from the statistical analysis of the nonfrothing collecting 

and noncollecting frothing groups. The other 25 compounds carry a 
diversity of polar groups. Nos. 57, 58, 205, 232, 330 to 333 and 345 

are characterized by a nitrogen-oxygen linking, which is sufficient to 
explain their frothing characteristics. Nos. 57, 58 and 333 are liquids 
F of slight solubility used in quantities sufficient to effect collection by 


% mechanical smearing. The others are, however, nongreasy solids and 
q their collecting effect is not to be explained on the ground of mechanical 
. smearing. For the present they may be added to the two similar com- 


pounds (Nos. 339 and 472) occurring in the nonfrothing collecting classi- 
fication, as indicative of the conclusion that nitrogen-oxygen groups in 
certain combinations have collecting power. No. 327 carrying nitro 
(NO2) and amino groups needs no further comment. The cyanide group 
(C=N) in No. 110 is highly water-soluble, which explains its frothing 
effect, and at the same time contains trivalent nitrogen, which is char- 
acteristic of the collecting groups. In Nos. 216, 363, 366 and 445 collec- 
tion may be attributed to the sulfide sulfur (S’) and frothing (and 
possibly some collection) to the amino group. 

There remains to consider four reagents in this group; vzz., Nos. 112, 
125, 126 and 480. These contain sulfhydrate and sulfide sulfur as the 


aaa pati of the table i is 8.2; in 73 per cent. of thé com- % 
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only polar groups and these are distinctly characteristic of nonfrothing 
collection. Whether the frothing effect attributed to them in the table 
is due to experimental inaccuracy or impurity of the samples, or is char- 
acteristic of the groups in certain combinations, the authors are not as 
yet able to say. Certain it is that in the majority of tests carried out 
in the Columbia University laboratory, using amounts of this type of 
reagent amply sufficient for good collection, there was no sensible amount 
of frothing. 

The mean number of ‘‘insoluble carbons” in the 66 frothing-collecting 
agents is 6.6; 67 per cent. have a carbon-oxygen ratio greater than 6; 71 
per cent. fall into the solubility groups rated ‘‘slight”’ or less. 

The nonfrothing noncollectors number 197 individuals. The five 
most frequently appearing polar groups are: amino (NR3), 19.4 per cent. ; 
hydroxyl (OH), 14.3 per cent.; amide (CONR), 10.7 per cent.; carboxyl 
(COOH), 8.4 per cent.; and carbonyl (CO), 6.5 per cent. The high 
frequencies of the hydroxyl, carboxyl and carbonyl groups have no sig- 
nificance other than that, with hydrocarbons substantially excluded by 
former experience, the oxygen groups necessarily rank high in any random 
selection from the remaining list of organic chemicals. The high fre- 
quency of amino groups is explained by the fact that all three experi- 
menters consciously favored the inclusion of nitrogen-bearing compounds 
in their lists of substances to be tested because of prior knowledge of 
the probable efficiency of such compounds, but without understanding 
of the fact that the relation of the amino group to the remainder of the 
molecule, the character of the remainder of the molecule and the solu- 
bility of the substance were also important factors. 

The high rating of the amide group in this class is, however, significant, 
particularly when considered in connection with its frequency in the 
other classes. It forms 1.8 per cent. of the polar groups in the frothing 
collectors, 2 per cent. in the nonfrothing collectors, and 11.5 per cent. in 
the pure frothers (F-O). Clearly, then, this group, in proper combination 
with “insoluble carbons,” is froth producing, but the collecting property 
ordinarily associated with trivalent nitrogen is in some way inhibited 
by the close association with carbonyl. 

It is clear from study of the compounds in this class that the presence 
of a given polar group, which in certain combinations may be shown 
definitely to be responsible for a useful flotation effect, is not in and of 
itself any assurance that the compotind will function. 


An analysis follows of the characteristics of this inert (O-O) class ints 


groups that experience, prevalence, etc., might lead one to hold as 
indications or causes of non-success: 

Solubility —“ Very soluble” or greater, 28.7 per cent.; insoluble, 
26.7 per cent. If a compound is very soluble, it usually means such a 
low carbon content that even if it coats the mineral it will not turn 
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< I pica ces Gio —Ini30. 6 per cent. of the substances in 
ert group the “insoluble-carbon” count was zero or one. This 


ee sakalobts carbon” pare of ne molecule is missing, and this, as ie: - 
en previously developed, is an essential part of the molecule in success- 
1 flotation service. 
_ Halogens.—In 5.6 per cent. of the members i in n this class what may be 
< called “active halogen”’ occurs; 7. e., nonionized halogen in combination 4 
- with some other group that sendin the halogen soluble or active 
_ chemically. Judging from the comparative absence of halogen. polar 

_ groups in the frothing and collecting classes, the empirical conclusion 

that they inhibit collection and do not aid frothing seems to be justified. 
Sulfate sulfur does not occur among the polar groups in either of the 
Pe collecting classes, against 6 occurrences out of 197 individuals in the inert 

~ class and 5 out of 71 in the depressing classes (O-D, F-D). This seems to 
be sufficient basis for the empirical conclusion that the sulfate sulfur 
group inhibits collection. 
_ Certain of the failures furnish excellent confirmation of the general 
theory. Thus No. 209, dioxyphenylthiourea, is thiocarbanilid, a good 
nonfrothing collector, with OH, a solubilizing radical, substituted on the 
__—-water-repelling ends and these being no longer water-repellent, the 
compound fails as a collector. Hydroxyazobenzene is the same as 
- aminoazobenzene, except that OH is substituted for NH». But this 
. constitutes elimination of the group in which an important part of the 


activity of the aminoazobenzene appears to reside, hence the failure to 
F function. No. 346 is toluidin, a frothing collector, with the solubilizing 
NOs group inserted on the water-repelling end of the molecule. No. 450 
, is an S-H compound, but has only one hydrocarbon or water-repelling 
Pe unit, and has in addition the solubilizing COOH group. Nos. 487 and 488 
are especially interesting in that the acidic hydrogen of xanthic acid has 
been replaced by —C,H2,.COOH, and as a result the acidic hydrogen of 
} the compounds is now part of a carboxyl group, and the collecting ability 
of the compound is on a par with that of other COOH compounds; 7. e., 
substantially nil. 
The mean number of ‘‘insoluble carbons” in these O-O compounds is 
5.7; 52 per cent. of the carbon-oxygen ratios are less than 6. 
Twenty-nine of the reagents of Table 3 rank as nonfrothing depressing 
agents (O-D); 7. e., when added with pine oil in the tests they lowered 
the recovery Bato that obtainable with pine oil alone. These com- 
pounds fall into no predominant structural classifications that would 
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ammonium as of ona ps decomp 
neutral solutions (it was not a depressant in cttivaee 
ments with two other colloidal substances point to a probable 
of the action of all. sweat ia 
(1) A bubble test with galena in saponin ealetieds (saponil 
glucoside like amygdalin) showed that the bubble could not be m 
attach itself to the galena particle even when forced down on to 
hard as to displace the bubble from the holder. m4 
(2) Galena, which is readily attacked in warm potassium diakinoes 
solution and coated with lead dichromate, is protected from all action 
the dichromate if a small amount of glue is present in the solution. — 
These two experiments indicate that, so far as the colloids are con- — 
cerned, the depressing action is due to coating of the sulfide particle by = ; 
the colloidal suspension and that this coating vigorously opposes bubble — : 
attachment. Pyrogallic acid reacts rapidly with iron salts in solution > 
to form a colloidal suspension and also to form a visible coating on sulfides a Es 
that completely prevents bubble attachment in the bubble machine. . 
Pyrocatechin reacts similarly with iron salts. Galactose and maltose are — 
sugars and their solutions probably act in somewhat the same way as the 
colloidal solutions, although we have no direct evidence on this score. 
Numbers 13, 62, 63, 72, 166 and 418 are complex organic salts carrying 
strong solublizing groups and if they attach themselves to the mineral 
particles, these groups would produce a water-avid rather than a water- 
repelling surface. The formation of such a water-avid surface is probably 
the explanation of the depressing action of aminophenol and glutamic __ 
acid. ‘In both of these there is an amino group for cementing the “ 
f 


compound to the mineral, and the molecules thus oriented ‘present 
water-avid groups (OH and COOH respectively). Dinitrophenol (No. | 
207) is probably explicable on the same grounds, although the effect. is 
less marked, .as is to be expected from the fact that OH is not nearly so 
vigorous in its capacity to attach organic molecules to sulfides as is NH2, % 
the cementing group in aminophenol. Asparagin, barbituric acid, and 
uric acid are amides (containing the group CONH:,) and this group in a 
compound is characteristically deterrent to collecting action. (p. 316.) 
P-nitranilin is interesting when its flotation effect is compared to that 
with the meta isomer (326) which was tested in the same neutral pulp on 
the same ore by the same experimenter. The conflicting results indicate 
that the relative positions of the substituent groups on the benzene ring 
has a distinct effect on their behavior in flotation, although the data are 
insufficient to justify setting forth such a conclusion other than tentatively. 


[ a SO. bility nme iol “slight” or less is 31. . 
irteen compounds rate as frothing-depressing agents. The number 
_ is too small to permit any generalization on statistical grounds. The 
compounds are similar in structure to many of those in the O-O and O-D 
_ classes. Leucine is an amide; the naphthol orange should be compared 
d with the naphthols (316, 317) to show the effect of the solubilizing SO;H 
group. Nos. 30 and 78 are of the general type having polar groups 
of on both ends, which, if they are cemented si the mineral particles render 
_ the surface water-avid. 

, It should be noted that the great majority of substances listed in 
Table 3 were used with no investigation of their purity and that some 
- of the discrepancies, otherwise unaccountable, may be due to the fact — 
that the substance present was not, actually, the substance named. 
Many organic chemicals decompose to a greater or less extent standing 
on the shelf and a majority of the compounds tested were taken from 
laboratory shelves and used by operators with no knowledge of organic 
chemistry. It is also to be borne in mind that many of the substances 
, tested react readily with acid or alkali or even with neutral salts, so that 
it is not safe to conclude (when, e. g., a substance such as methyl red 
(No. 307) acts so differently in acid and alkaline pulps) that it is the 
game substance acting in both cases. As a matter of fact this particular 
substance reacts with alkali to form a different compound and it is to 
this reaction product that the 46 per cent. collection accredited to methyl 

red in alkaline pulp is due. 


: Summary of Relation between Chemical Characteristics and 
g ; Flotation Effect 


- The essential characteristics of soluble flotation agents for frothing 
and collecting may, on the basis of the foregoing tests, be summarized 


4 as follows: 

‘ 1. Frothing, Noncollecting—For this service a reagent should contain 
4 an oxygen-bearing, water-avid group, preferably OH, COOH, CO, or 
; COO (COOR) and preferably, also, one such group only. The amide 


(CONH,) group will serve as the water-avid group, but appears in many 
instances to have a harmful effect on collecting and should, therefore, 
be- avoided. Attached to the oxygen-bearing group there should be a 
structure composed of carbon and hydrogen atoms, containing preferably 
at least six carbon atoms that are not directly attached to the oxygen- 
bearing group. There must be appreciable solubility but the solubility 
rating should preferably be ‘“‘slight;” 2. e., around 1000 mg. per 1, 
although many more soluble substances are satisfactory frothers. 
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2. Collecting, Nonfrothing—These reagents should contain a group 
of which divalent sulfur or trivalent nitrogen or some other multivalent 
negative element in the low-valent state is a part. Sulfur in an S-H 
or S-M (metal) linking is apparently superior to the S-R (hydrocarbon) 
linkings. The amino (NH,) or diazo (N:N.N) linkings are apparently 
the best for trivalent nitrogen. The remainder of the molecule should 
be made of a hydrocarbon complex containing upwards of 8 carbon 
atoms. If an oxygen-bearing group is present, it is desirable that it be 
of the C-O-C type. There should be a sensible solubility, but it prefer- 
ably should not exceed 200 to 300 mg. perl. Ability to form relatively 
insoluble base-metal salts is probably necessary. 


3. Frothing-collectors—These substances must combine the char- . 


acteristics of the two preceding classes. The best of the class are appar- 
ently amines with a hydrocarbon loading upwards of 6. In these the 
amino group acts both as the water-avid and as the cementing element. 
There must be sensible solubility and substances whose solubility rates 
“slight”? are probably best. It is possible to change a nonfrothing 
collector to a frothing-collector by introducing an oxygen-bearing group, 
but such introduction may defeat the collecting, if the reagent orients 
on the mineral surface to present the water-avid group outwards, or if 
the introduction materially increases solubility. 

4. Flotation Inhibitors—Reagents that form colloidal solutions 
almost invariably harm collecting. The sulfonic group (SO;3H, SO3M, 
SO;R) and weakly polar, nonionic halogens are apparently also harmful 
to collection in most cases. Hence the presence of these groups, either 
as part of the collecting-agent molecule or introduced in the frother, 
should be avoided. 


III.—InorGanic REAGENTS 


Visible Surface Effects of Flotation Agents 


Tucker and Head" pointed out an efficient tool for the investigation 
of the effects of certain reagents in flotation and themselves applied it to 
a study of solutions of lime, cyanide and zine sulfate. They state that 
20-min. immersion with agitation, in a solution of zine sulfate and sodium 
cyanide (strength not given, but probably from one-half to one part 
of the cyanide and twice as much zine sulfate to 8000 parts of water) 
causes pyrite to lose its luster completely, apparently “due to the quite 
uniform deposition of salts over the exposed area,’’ accompanied by 
etching of the surface; that sphalerite is less affected but that there is a 
distinct deposition of salts, ‘‘not nearly so uniform as in the case of 
pyrite;” while with galena the change in surface is negligible. They 
give photomicrographs that lend visual support to their statements. 
ee ee eee 


“ K. L. Tucker and R. E. Head: Op. cit., 354. 
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Their technique was to cover part of a smooth crystal or cleavage surface 
of sulfide mineral with paraffin, tie the particle to the impeller shaft 
of an agitation machine and there expose it for a given time to the reagent 
solution; remove, wash with distilled water, dry, remove the paraffin 
and then examine the junction line between the exposed and protected 
surfaces under reflected illumination with a metallographic microscope. 

A protracted experimental campaign was carried out at Columbia 
in an attempt to verify this work, using at first the methods of Tucker 
and Head, as learned by correspondence and personal demonstration. 
Later many variants on their method were devised and tried. As a 
result of this work it is our belief that none of the reagents used in present- 
day flotation, except, perhaps, the undissolved part of some oils, 
and some soluble sulfides, produces, in the usual concentrations, any 
change in the surface of sulfide minerals that is visible under the micro- 
scope, when the reaction investigated is that of a slime-free aqueous 
solution of the substance on a clean, uncontaminated surface of the 
sulfide. A number of things were learned in the course of the experi- 
mentation that should be of use to other workers. 

1. A solution of collodion in ether and alcohol such as the ordinary 
liquid court-plaster of commerce is much better as a protective coating 
than paraffin. The latter produces erratic and unpredictable visible 
surface contamination, greater the higher the temperature of the water 
used; it changes the surface that has been coated, increasing its tendency 
to repel water, so that captive-bubble tests thereon are unreliable; it does 
not cling well in cold water and clean removal is impossible in summer 
weather. Collodion, on the other hand, does not contaminate the 
adjacent mineral surface, and in most cases comes off so as to leave no 
visible residue. It, like paraffin, affects the behavior of the surface that 
has been coated toward bubbles, making it highly resistant to displace- 
ment of water; 7. e., to bubble attachment. 

2. Crystal faces of some sulfide minerals (e. g., pyrite and galena) 
are almost invariably coated with a film, probably of some oxidation 
product (p. 305) which, while it may be insufficient to affect the luster 
to the naked eye, is strikingly apparent at 100 to 300 magnifications with 
reflected light. Similar alteration, usually less highly developed, is to be 
found on many cleavage surfaces even when fresh. If such altered sur- 
faces are used in experiments of the type under discussion, the protective 
material, paraffin or collodion as the case may be, frequently removes 
part or all of the altered layer, leaving a fresh and highly reflecting sulfide 
surface, and thereby giving the erroneous impression, if the assumption is 
made that the whole surface was originally of this character, that the 
surface exposed to the solution has been altered. This, according to our 
experience at Columbia, is the probable explanation of Fig. 16 of the 
Tucker and Head paper. 
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3. Freshly cleaved mineral surfaces and, to a far greater extent, 
crystal surfaces, are frequently heavily covered with dust, either rock 
dust or extraneous inorganic and organic material. This is not visible 
to the naked eye or under a low-power microscope but is visible at 100 
magnifications with reflected light. It is practically impossible to 
remove by washing, or by any kind of brushing that does not injure the 
particle surface. They are, however, quite efficiently removed in peeling 
off coatings such as those of paraffin or collodion used for protective pur- 
poses in these experiments. The result is a clean reflecting surface that 
contrasts strikingly with the adjacent dusty surface. Somesuch phenom- 
enon may account for part, although probably not all, of the contrast 
shown in Fig. 15 of the Tucker and Head paper. 

4. The dissolved salts in even extremely dilute solutions leave, on 
evaporation, deposits which, in the microscopic methods under discussion, 
show up strikingly. Worse, these deposits are concentrated along the 
edge of the protective coating, due to the water-shedding character of 
the protecting materials, so that unless great care is taken in washing, the 
precipitate from evaporation appears as a coating on the exposed mineral 
surface. This fact was discovered by noting that the outline of some of 
the erratically contaminated surfaces observed in our earlier experiments 
was sharp and curved. Subsequent experiment showed that after 
removal from solution the particles must, without allowing them to dry, 
be put through at least three successive washes with distilled water and 
then dried rapidly before a fan to prevent drop formation as far as 
possible, and that even under this treatment evaporation contamination 
must be watched for. 

5. Minute quantities of undissolved oil may produce striking surface 
coatings. ‘The usual sources in experiments of the type under discussion 
are the atmosphere, the operators’ hands and tools, the bearings of the 
agitation machine, the protective coating, e. g., paraffin, and finally 
anything of any kind which has not been rendered oil-free that comes into 
contact with the particle surface. Surfaces that had been determined 
microscopically clean have shown, after a half-hour’s exposure to the 
laboratory atmosphere, marked evidence of oil contamination. Finger 
prints constitute the grossest kind of visible contamination (Fig. 7). 
Lubricating oil or grease from impeller bearings will, unless excluded, 
cause visible contamination. Silk or cotton thread or wire used to tie 
particles to the impeller shaft may bring grease to the particle surfaces 
and this is almost invariably the case if the naked fingers are used 
for handling. 

Our final laboratory procedure, after all of these facts had been 
determined, involved working throughout with rubber gloves that were 
kept grease free; handling particles with grease-free tongs, cleaving tools, 
and the like; examining the particles by reflected light before testing to 
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insure freedom from oxidation or other surface alteration of a chemical 
type, and brushing the surface, if necessary, with lens paper on a rubber- 
covered stirring rod to remove loosely adherent dust; using liquid col- 
lodion in a grease-free solvent for a protective coating and cleaned copper 
wire to tie particles to the impeller shaft; covering the solution container 
with a tight-fitting cardboard cover to exclude bearing grease; passing 
the particles after removal from solution through three successive washes 
of distilled water with no time for drying until after the final wash, then 
drying in a blast of air from a fan, and examining the particles 
immediately thereafter before atmospheric or other accidental con- 
tamination could occur. 

With the procedure just described neither galena, sphalerite nor 
pyrite shows the slightest sign of surface alteration following 40 min. 
agitation in solutions of alkaline cyanides, alkaline cyanides plus zine 
sulfate, lime, sodium bicarbonate, sodium carbonate, sulfuric acid (if 
copper is excluded) or any other inorganic reagents tested. The same 
lack of visible effect is found when the reagents in solution are cresol, 
potassium xanthate, the soluble part of pine oil, thiocarbanilid or other 
soluble organic collecting or frothing agents. 


Slime Coatings 


In the course of a series of experiments with chromate alteration of 
galena surfaces it was found that the presence of minute amounts of 
albumen in the chromate solution greatly lessened the attack of the 
chromate. The effect is shown by comparison of Fig. 19, which shows the 
junction between protected and exposed surfaces on a piece of galena 
treated for 30 min. at 140° F. in a solution containing 125 mg. pine oil, 
250 mg. soda ash, 1000 mg. potassium dichromate and 50 mg. albumen 
per liter of water, with Fig. 20 in which the albumen is absent; bearing 
in mind that without either albumen or dichromate present, the surface 
effect of the mixture of other reagents listed is no greater than that 
shown in Fig. 19. Albumen forms a colloidal solution and on the theory 
that it was the adsorption of colloid at the galena surface that prevented 
the chromate attack, a parallel experiment was tried in which a colloid-like 
gangue slime (Anaconda) took the place of the albumen in the reagent 
mixture. The result is shown in Fig. 21. 

It is apparent from analysis of the results of these last two experiments 
that either the colloidal albumen and the pseudocolloidal slime coated the 
sulfide and prevented the chromate ions from coming into contact there- 
with, or they themselves reacted with the chromate and consumed it. 
The former seemed the logical conclusion, in view of the fact that the 
color of the chromate solution was unchanged by either the albumen or the 
slime, but it did not seem logical, if slime adsorption was occurring, that 


324 EXPERIMENTS WITH FLOTATION REAGENTS 


20 


Gi) Av efeer, Ue ue. La 
, ‘ is) f 4 hse j our 3 a 4 ig ee . a 3 


24 


Fies. 19-24, 


ARTHUR F. TAGGART, T. C. TAYLOR AND C. R. INCE 325 


there was not more evidence in the form of slime particles on the exposed 
surface in Fig. 21. Slime with pine oil (20 mg. per 1.) on galena (30 min. 
exposure at normal temperature) gave a surface coating such as that 
shown in Fig. 22, which indicates that in addition to the fact that this 
slime inhibits attack by dichromate on galena, the dichromate or the 
sodium carbonate, or both together, at the same time do something 
to the slime that prevents it from coating the galena to the full extent of 
the possibility indicated in Fig. 22. In Fig. 23 is shown the surface 
alteration on galena when 125 mg. pine oil, 250 mg. sodium carbonate, 
1000 mg. potassium dichromate and 50 mg. of albumen plus Anaconda 
slime act on galena at 140° F. for 30 min. The alteration is of the yellow 
type characteristic of chromate attack. Clearly the co-presence of the 
two colloidal materials has nullified the protecting action of both of them. 
The slime appeared to be dispersed, so that mutual flocculation of the 
colloidal materials would not appear to be the explanation, although the 
method of examination of the dispersion with transmitted light under 
high magnification, since developed, was not applied, so it is not possible 
to state definitely that the slime was not flocculated. 

Our work next took the direction of studying the effect of various 
electrolytes on the behavior of various slimes toward the surfaces of 
various sulfide minerals, it having been shown that bubble attachment in 
solutions of collecting agents was lessened, if not entirely inhibited, by 
slime coatings on the sulfide particles. 

Procedure in all slime tests, unless otherwise noted was as follows: 

Clean, unoxidized cleavage surfaces of sulfides on particles about 1¢ to 
14 in. in size were partly coated with collodion and then kept under glass 
while the slime pulp was made up. The slime pulp was prepared by 
shaking up 500 g. of solid, ground dry through a 65-mesh screen, with 
enough distilled water to make a combined volume of 2000 c¢.c. in a 
2000-c.c. graduated cylinder (3 in. dia. by 18 in. deep) allowing the 
mixture to settle for 2 min. and decanting 1000 c.c.; 500 c.c. of this slime 
with reagents and with the particles to be tested was then placed in a 
baffled cylindrical cell, 5 in. dia. by 7 in. deep, and agitated for the 
required time by means of an impeller, 1 in. from tip to tip of blades, 
blades and shaft being hollow to cause plentiful aeration of the pulp. 
After treatment in the pulp the particles were removed, rinsed in tap 
water, washed through three successive lots of distilled water, dried 
quickly before a fan and kept under glass for the short time (rarely more 
than 2 hr.) required for making photomicrographs; 

Time is a factor in the amount of coating, as is shown in Figs. 24 to 26, 
representing 1, 5 and 30 min. exposure respectively of galena to Anaconda 
slime with no added reagents. The amount of surface contamination was 
slight in the first minute, but within 5 min. there was strong contamina- 
tion and 30-min. exposure changed the surface so greatly that for flotation 
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purposes it was substantially gangue rather than sulfide. Sphalerite 
acted in the same way. This explains a phenomenon familiar to labora- 
tory experimenters, that when using dry-ground feed in laboratory flota- 
tion tests, if, for some reason or other a test is interrupted for a consider- 
able time and flotation then attempted, results are frequently not so good 
as in tests carried through without delay. In terms of this evidence, such 
is the result when the ore is one in which, during the interruption, eae 
gangue coatings form on the sulfides, and subsequent attempts to float 
have to deal with surfaces in which there is little difference between 
gangue and sulfide minerals. 

Figs. 27 to 29 (galena with Anaconda slime and one part of a mixture of 
90 parts Barrett No. 4 coal-tar creosote and 10 parts pine oil to 50,000 
of water; 1, 5 and 30 min. exposure respectively) show that the case is 
similar when oil is present; with this difference, however, that gangue 
coatings form more slowly with this particular oil combination in the 
pulp. Thus after 5 min. (Fig. 28) galena is little, if any, more heavily 
coated than after one minute (Fig. 27). The heavy coating after 30 min. 
(Fig. 29) suggests an explanation for the bad effects of so-called overagi- 
tation in tests where a good initial froth, if not removed, breaks down and 
cannot be reformed or only on the addition of relatively large amounts of 
new oil. 

One effect of overoiling is shown in Figs. 30 and 31—galena (Fig. 30) 
and sphalerite (Fig. 31) after 1 min. exposure to the same conditions as in 
Figs. 28 to 30 except that four times as much oil was present. Both the 
galena and sphalerite carry heavy gangue coatings after the 1-min. 
exposure, making them difficult to float and also causing them to carry 
much gangue into concentrate, if flotation conditions are intensified to the 
point where they are finally lifted over. 

The action of different gangue slimes toward the same sulfides is 
markedly different, as may be seen by comparing Figs. 32 to 34 (galena, 
exposed 1, 5 and 30 min. respectively, to a quartz slime pulp, no added 
reagents), with Figs. 24 to 26. The quartz particles were just as small 
as the Anaconda slime particles, so far as ordinary microscopic inspection 
could tell and under certain conditions (Figs. 38 and 39) coated the 
galena just as heavily. The behavior of sphalerite in the quartz slime 
was the same as that of galena. 

Pine oil and potassium xanthate in the usual flotation quantities 
(25 mg. per |. and 25 to 60 mg. per 1. respectively) make no difference 
in the behavior of either quartz or Anaconda slimes toward either sphaler- 
ite or galena. 

The presence of certain soluble inorganic compounds causes amazing 
differences in the behavior of the gangue slimes. Thus lime in the 
proportion of 500 mg. per 1. (equivalent to about 4 lb. per ton of ore in 
the usual pulp) substantially prevents deposition of Anaconda slime on 


Figs. 31-36. 
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galena (Fig. 35). This figure is directly comparable with Fig. 25, the 
only difference in conditions being the presence of lime in the pulp of 
Fig. 35. The same is true with chalcopyrite (Fig. 36, Anaconda slime, 
4 lb. lime) although this latter mineral, like galena, is heavily coated in 
the absence of lime (Fig. 37, Anaconda slime alone). On the other hand, 
when lime is added to a quartz-slime pulp, deposition on the sulfides 
is markedly enhanced [compare Figs. 38 (galena, 4 lb. lime, 1 min.) 


Figs. 37-40. 


and 39 (sphalerite, 4 Ib. lime, 1 min.) with Figs. 32 and 40 (sphalerite, 
no reagent, 1 min.) respectively]. 

The practical prediction from these coating tests, taken in connection 
with bubble-machine tests run parallel with them, was that galena and 


sphalerite could be floated by pine oil and potassium xanthate in a quartz- 
ime (or any other reagent) and that the addition of 


slime pulp without | 
flotation; that. in Anaconda slime these same miner- 


lime would injure the 
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als (as well as chalcopyrite and chalcocite, which act similarly), with 
the same collecting and frothing reagents, would float poorly without 
lime but well with lime present. Flotation tests confirmed the pre- 
diction fully. 

While lime is the reagent whose effects have been pictured, additional 
experiments have proved that it may be taken as typical of the other 
inorganic reagents that have been used in ordinary collective flotation. 
Sodium carbonate, sodium bicarbonate, sodium hydroxide, potassium 
tartrate, sulfuric acid, alum, barium chloride, etc., have been found 
to have similar effects, differing with the particular sulfide and 
gangue present. 

A possible explanation of a part of the phenomena of differential 
flotation is to be had from a study of Figs. 41 to 46. Fig. 41 shows galena 
and Fig. 42 sphalerite after 30 sec. exposure in Anaconda slime pulp 
containing 330 mg. sodium bicarbonate, 125 mg. potassium cyanide, 
250 mg. of zine sulfate and 33 mg. of coal-tar creosote per liter of water. 
Addition to the Anaconda-slime pulp of cyanide and zinc sulfate (the 
bicarbonate was independently proved to be not effective alone) pre- 
vented any considerable slime deposition on galena (compare Fig. 41 
with Fig. 30) without materially changing that on the sphalerite (com- 
pare Fig. 42 with Fig. 31). Pyrite also has a fairly heavy coating (Fig. 
43) in the presence of these reagents. Under relatively weak flotation 
conditions galena might be expected to float away from blende and pyrite 
in this pulp. Subsequent addition of more oil together with copper 
sulfate caused little change in the blende coating (Fig. 45) although 
visual inspection indicates a slight reduction, but it does cause a marked 
increase in the coatings on galena (Fig. 44) and pyrite (Fig. 46). Hence 
flotation conditions can be intensified sufficiently to float the blende with- 
out effecting any considerable raising of galena and pyrite. 

C. R. Ince has done a considerable amount of further work on differ- 
ential flotation since the work just reported was finished and has found 
that the differences in slime behavior recorded here do not necessarily 
account for all of the differences in floatability of the minerals. This 
work, which is recorded in detail in another paper at this same session," 
shows that although slime-free solutions of cyanide, zine sulfate, and 
copper sulfate produce no visible changes at the surfaces of sulfide miner- 
als, they do, nevertheless, effect marked changes in the floatability of the 
minerals, as measured by the bubble machine, and that these changes 
are in the same directions as those indicated by the slime tests and would 
equally well account for differential flotation. It is probable that 
the complete successful operation of differential flotation processes 
with these and similar reagents depends in part on both sets of phenomena. 


18 See page 261. 


332 EXPERIMENTS WITH FLOTATION REAGENTS ; 


Taste 1.—Collecting Indices Against Galena for Various Flotation 


Reagents 
ee 
Reagent Water Reagent 
E Collect-/ Relativ 
Quan- | Contact | Distor-| Contact | Distor aes opr 
. Ontac fe rj r) 2 
te Me.per| Ae | ten | ee |) | 
Acetyl diazo amino benzene. ... 50| 21 0.30; 41.5 | 0.38) 14.2 40 
Amino azo benzene............| 250) 28.5 | 0.32] 37.5 | 0.35 6 17 
Aral CSW Oo nooo 6ucqns ace due 50)) 12 0.16) 47 | 0.46| 31.5 89 
Amyl mercaptan). 42.0. os 24 -- 50; 19 0.25] 33 | 0.44) 16.5 46 
Am ylixantiatea sneer ee Zone o 0.17} 60 0.40} 33.5 94 
Azo benzene... tae es 250 | 29 0.32] 53.5 | 0.49} 20.8 59 
Azo naphthalene [a, a]......... 40! 10.5 | 0.08] 43 0.40; 31 87 
MANE Bon ooonokp Sod use se.es 40| 12 Coie £2 POnLe 7. 6 
Benzene azo diphenyl urea...... AO? | Tas 0.18| 28 | 0-41} 18 51 
Benzene azo [a] naphthol....... 40| 10 0.11) 14 0.23) 8 23 
Benzene azo [a] naphthol.......| 1250) 11 0.09| 36 | 0.32} 24 68 
Benzene diazo amino [p] toluene. 40 9.5 |) 0.08} 14.5 0.18 TES PAl 
Benzene diazo amino [p] toluene.| 1250) 12.5 | 0.06; 40.5 | 0.34 | 28 79 
Benzidine? yen ete SOT LG 0.24/ 16 O22stt 2 6 
Benzy amines emeiia tesa a eta 50; 16.5 | 0.14| 20.5 | 0.25) 7.5) 21 
Benzyl diazo amino benzene... . 50} 18 Qs2ta 37 OFSTH ye Oe5| 27 
Butyl sulfone [n]...........-..-| 40] 11.5 | 0.10) 15.5 | 0.21) 7.5) 21 
| 
Carbothialdin a: eee ree 250 | 24 0.23) 42 | 0.43} 19 54 
Carbothialdin@esen ener 375 | 16 OPUS 36.5 Ons lmeligne 48 
Carvacrolaveueen sco e se aoe 50} 18 0.24] 22 | 0.27 S358) 10 
Carvacrylamine............... SUM 25 0.28] 35 | 0.34 8 23 
Chlor nitrobenzene............ 250) {33258 O738ie eGno | 0.39 2 6 
COlnAVOMC INNS oe coon wodonsnud ate 50] 12 0.10} 40 | 0.30) 24 68 
Gresol arteritis once Lae OL OL az, 1 Qe230 Sled) 4 
Chesol. . 20a hates ee ee me (as G.161°19 "1 O26) ay 21 
Dehydro thio [p] toluidin....... 40) 12.5 | 0.08] 27 | 0.33] 19.8 56 
Diazo amino benzene.......... 100} 14 0.16} 40 ' 0.39.) 24.5 69 
Diazo benzene imid............| 50] 19 0.26; 42 | 0.42] 19.5] 55 
Dichlor benzene)... ee eee Uo: (Oeeye |, Se Oza 0 0) 
Diphenyl thio carbamate.......) 250] 28 0.25} 41 0.38! 13 36 
Diphenyl thio carbazid......... 60} 14.5 | 0:22) 37 0.34) 17.5 49 
Dutolylcchovtine ace eran eee 25| 27 0.382] 48 0.41} 15 42 
Dixanthoeenwannease te meee ae 25| 19 0.20; 44.5 | 0.84] 19.8 56 
IDixanthOgenienen erat aeen te 40| 138 0.19} 41 0.38) 23.5 66 
Ethyl ethyl xanthate........... 250| 27 | 0.23} 37.5 | 0.30 8.2 23 
Ethyl methyl xanthate.........| 250) 22 0.21) 50 0.37) 22 62 
| 


«The quantity in this column was added per liter of water, stirred in a 4-in. 


square glass jar with a 3-in. cross-armed agitator for 10 min. at 1000 to 1500 r. Dells, 
then filtered through infusorial earth. 
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 Tasie 1.—(Continued) 
we ee os i a dis en ot ae 


Reagent Water Reagent 
Collect-| Relative 
& Sie Contact | Distor-| Contact | Distor- Index, See 
ame Me. per Angles tion Angle, tion Direct | Index 
Te eg. Ratio Deg. Ratio 
Ethyl! xanthogen ethyl formate. . 25| 17 0.19! 47 0.34} 22.5 63 
% Heptyl mercaptan............. I-50) 48 O22 27-5 0.85 1-01 31 
f. He ptyluswblt despa 2 ee cere ee 50} 15 0.15 1-17 223) 5 14 
oid Hydroquinone................. 25) 33.5 | 0.34] 33 Doel || ahatel) is} 
a Pycroquinones..45 e20...5.5) 125) 32.5/) 0.33). 34 O88) th 48} 4 
} Hydroxy azo benzene.......... | 250) 25 0.29| 31 0.29 3 8 
‘ eadaxamtnaverapey ene sse., eal econ LS 0.07; 46.5 | 0.40) 34.8 98 
Mercapto benzo thiazole........ | 25] 13 0.13) 17.5 | 0.29) 10.2 29 
ING HthHOUG | acto at nc cnt a. fa b= 501 e16 0.17) 23.5 | 0.29; 9.8 28 
Naphthylamine [a].............| (‘25| 15.5 | 0.15] 40 OF35)) 22 62 
Naphthylamine [al ......2.....| 128). 19 0.27} 46 0.41] 20.5 58 
Naphthylamine|B)-. =......-2.|) 50) 13 OL07 Sonor One ie 2 ler 61 
Nitrobenzele—a..........:...+| 250) “29 0.30 | 31 0.34; 3 8 
Oil | 
Barrett No. 4, coal-tar creosote, 255 18 0.08; 18 0.09 0.5 1 
Blast-furnace creosote........ ctl ales 0.15) 20 ORT Gi 2 6 
Fuel oil (aspha’ tum-base resid- 
tie eee eee oe 25° 17 0.22)-16 | 0,20|—0.5) —1 
Kerosene acid sludge......... i SEN 1325940. 144.14.5, 10; 16 5} 4 
Kerosene acid sludge......... 250 | 32.5 | 0.36) 37.5 | 0.389) 4 11 
Nj Ol ee eee: see een e re ae 25°, 15 Ora soe NO. 1S 12 34 
Pinesorbeteernre cee tne nes 20% 29 0.24/ 29 0.25; 0 0 
Pimevoul eee ste fe acute St. c 20| 29 0.29} 30 0.35.) 3.5 10 
Parpentmes <0 4.6600... | 250/19 |0.20/ 18 | 0.29) 4 | 11 
Wood! creosote... ..<....--. 25°) 15 0.13] 24 0.24 | LOR 28 
| | 
Phenyl hydrazine..........-+..|_ 501°14.5 | 0.12| 35.5 | 0.33] 21 59 
Phenyl iso thiocyanate.......... 40) 11 O.10)30 —|.05314 20 56 
PhenyLseticylate...—.......... 125 | 22 0.29; 24 | 0.33) 3 | 8 
ID Smivlsthi@, ULEG es canes ose oon. 25M Leon Omeoupeee | 0.40} 21.2 59 
Phenyl thio urethane........... 25; 16.5 | 0.17) 35.5 | 0.441 23> | 65 
Pheuwluned sete geese) | L20) 28 0.30] 26 0.28) —2 —6 
Potassium salicylate........... | 125} 28.5 | 0.33) 33.5 | 0.33] . 2.5 7 
Potassium xanthate............ | 25) 14.5 | 0.10] 54 | 0.42) 35.5) 100 
Baheylle Adide..s--. 4206s. sa.) 126 22 | 0.25| 26 0.28} 3.5 10 
Seleno benzamide...........<.. | 40; 12 0.08} 35 0.43} 29 82 


6’ Unfiltered emulsion. 
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Reagent Water Reagent 
Collect-| Relative 
ing |Collect- 
Ses Contact | Distor-| Contact | Distor-; Index, ing 
Name M Ana er Angle, tion Angle, tion | Direct Index 
Ti, Deg. Ratio Deg. Ratio 
Sodium di thio phenyl carba- 

Mate ase eke ee ae 40} 17.5 | 0.19} 51.5 | 0.42 28.5, 80 
Tetraethyl ammonium hydroxide 50} 19.5 | 0.26) 15.5 | 0.22) —4 —11 
Tetramethyl ammonium hydrox- | | 

GCA eh he: Ree eee Lee et SONme22 1 0.21/ 19.5 |} 0.18) —3:8) —11 
Tetrapropy! ammonium hydrox- . | 

6 cee ioe mene = fkeAe Coed 5. 2 | 50| 13.5 | 0.15) 17 |-0.19 3.8 11 
Phialdints i Nn see peteeee eee DOS HOt Sis 2 | 0.28! 16 45 
Phialdine sc cdie oe vege enn yo oh eet AAO neem 0.37) 272" ae 
Pho anilin serene eek cee ie |. 50) 24 | 0.28} 42 0.40 15 42 
EEinocari snide wees ae eee \eeoOne a2 0.12| 54 0.41! 35.5) 100 
Miioeresollye sees ete ay .mnukos soe 40, 12 0.08| 67 | 0.46| 46.5) 131 
Thiophenole. ae. eee SOseeg | 0.19) 50 0.47| 30.5) 86 
ALIIOUTES: See eee eee 125| 27.5 | 0.35) 32 0.34 1.8 5 
Toluene azo resorcinol [p]....... 40| 10.5 | 0.07] 34 0.34) 25.2! 71 
Toluidins [oly aoe a ee eee ee LOO ORO measles 0.29 (hee 20 
Trichlor benzene: .. 4.54.05. 04" ; 250) 24 | 0.23) 26 0.237 O85) ‘| 
Utears: (2:05. Meee eee 125| 26.5 | 0.34) 33 0.39; 5.8) 16 
Xanthicsacida.7)..5 sacs ae OO mee7 0.28 52.5: | 0:44) 29.2) 82 
Xanthic anhydmde®. 9.....0.12) 25 | 12 | 0.06} 58.5 | 0.48| 44.2) 124 
Xanthogenamide ............. he 25h) SIZ be ROnOSi sO 0.39) 29.2 82 
XoVeT Ol Mer Moms axe bts FEE | 50!) 11 0.117) 16 0.20) 7 19 
PXCyi TCI uaen eke Re nis cance eee | 50] 16 0.16| 18 0.19 PAS) it 
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Total 
Solids in | Water in Total ics ae 
ees Per Cent. | Overflow,| Overflow,| Overflow, Cu. Ft. 
Test No. Reagent Me. per Solids in G. per G. per G. per Air per 
its Froth Cu. Ft. | Cu. Ft. | Cu. Ft. Mg. of 
5 Air Air Air Reagent 
per Liter 
Water 
68 Distilled water........ 1,000,000 20.4 3.3 12.8 16.1 C) 
130-3 PuTeS Gil veestactenct acces 10 19.1 5.6 Zant 29.3 2.9 
128-2129. Pinevoik.. «aes snecsone. ss 20 16.5 6.4 32.1 38.5 1.9 
P26. 1 276 bane oll onthe trie aacaeec.- 40 16.1 7.6 39.6 47.2 1.2 
123-5 Pinevoibs gene evokes sore 60 nWayeal 8.5 47.4 55.9 0.93 
UES, 120=2. | Pine ole cocci cee 80 14.9 9.0 51.6 60.6 0.76 
134-6 Percoll se, eevee ac eas 100 14.1 eel 55.5 64.6 0.65 
HSS SO) WN Pimneroil i.e geek oe 120 13.2 8.8 58.8 67.6 0.56 
Mea LAD) jh Pime 10) ws. cretehe vais a: vee 140 14.7 10.6 61.3 71.9 Onol 
HA el AAS HbA Te <Oleet: ere 25 kcateyetsi 320 15.4 ps I 62.1 Wonca 0.23 
145-7 Pine oil solution®...... 20 18.6 hes 30.5 37.6 
55, 58 Perpine oles asec ass 25 20.1 10.0 39.6 49.6 
95, 96 Pyenolete ne sais dees 125 19.6 3.4 14.1 L705 1.4 
93, 94 Phenol 25 20.0 4.8 19.3 24.1 1.0 
91, 92 Pen Olt. See ae 50 19.3 4.8 20.3 25.1 0.50 
89, 90 (Phenol eee amines ars < To 207 6.2 22.4 28.6 0.39 
87, 88 PP henolse ane ees ord 100 22.4 6.9 24.0 30.9 0.31 
84, 86 PREM OUL Lome tye ree et 150) 22.2 rhGre 26.6 34.3 0.23 
OMSL OA | Ee HETIO)). ci5.5,0:nuenes sre a 200, 23.8 8.2 25.5 33.7 0.18 
HAs tO MO resole car. kre stecist 3 20 17.0 5.8 28.4 34.2 Loire 
T5O0 OI Ores Ol secs ai = enccser ale 40. 16.3 7.0 36.4 43.4 ited 
P5Or HS) || \@respleryer-arcyee - -eee 60 15.3 7.5 36.6 44.1 0.74 
MAP al OLEBOL ener cielo. aye a ere Sele 80 Pee, 7.0 39.5 46.5 0.58 
PiGstaT, | Gress sence. cee 100 16.2 8.4 43.8 52.2 0.52 
T5S~ 159! WiCresols «cote. «eyes ie 140) Lo. 2 8.0 44.9 52.9 0.38 
16G-plGDe |i\Cresol a... csma. oan 160 Dowd 8.6 56.6 (sip) 0.41 
VEZ 16S) | Cresolis-..5505 5 str. os cen | 200) 14.1 9.1 55.8 64.9 0.32 
97, 99 Amilineneasariss «sens « 200 anh 8) 4.7 22.6 Pfs} 
TOO TON WW VAmIne F2. cass cuss ee « 400 18.4 6.6 36.0 42.6 
AQe42—-A4\\\ Molaidin <ty0s.2.cte nis) = 25) 18.6 4.3 18.7 23). ) 
102, 103 4 Bo! hott hb oer, ceeeoeeRet eR Re ere 200 17.8 6.8 31.2 38.0 
Oss TOS) Molutding wees wasee = 400, 15.8 7.8 41.2 49.0 
47, 48 Meplidimice wena weertese ate 25 18.0 5,2 23.4 28.6 


2 Filtrate from an emulsion of the stated concentration. 


——————eEEeee ee -_- « - a 


4 oe O-< |INo j me f 
LA oo S PRU CNSE Cay fe 6 8 9 ce ae oo les eis 
. ‘6S G-q |Wrz-| o | fos—-| 0 pe *((HO)N*HO*HO'HO |"** 
Wo F ; HO'HO apl4o[qooipAy ourure 
z 00 ‘Ho! o-z - { EU O) TREO OO) EO! hes ye od Hsanmeg ty OE 
ys I Dawgs O-uL r os : oo - *HO(HO) HOH Presa sae ay ado cats aa 
HN} 0-0 qpwa | pea jos A OHOVE'O HOOD | ->“pwe o1niag aps IOPIV | 66 
IL 70 fZL—| 0 lglg *HN(HO)HO"HO |°°* Peed SPORTY Se 
I HN | 0-0 aea | a a ujejoud @ fumouyuy |: - + :: Hipp urtis CPAUSPLY | £2 
HNOO O-O Il Le Is A SES) heater teat a usuInd yy 9% 
fi ok ee Poe Noi ite Otho a 
en Z HNOO| O-d j £92 ; be °HN 00"HN'09HD ie eee ire ee GOT oa ge 
a xf j es 
Z L HNOO| O-a eze : Ky | EPO'HN et "7" *-urpmyoq [d] [Agony | eg 
009'8 ~ FES € We knt < von 
oO ¢ HOOD ‘000| 0- a O'HN'00*HO UIPIn]o} [o] [& 
=a 3 2HN “HNOO oo W oO : wo g 2 a HOOO My. Tpiny tf ] J[A}20V oS 
a HN ‘HNOO| O-a di Bs Is ee PD OOO THO prow orAores [hqo0y | Tg 
pu NOO ‘N:N ok i B | FHOOO'HNHN "Hip |---coumelpag tavoda Leow | OF 
“ : = 5 -euizeipAy [A d 
A Z “~"HNOO Od oe 7 d[sA J E oe eee, c) sia ial i 
) ait | ; NUN’ ‘guezueq OUTUIR OzEIp [A 
5 Z 900 'HNOO| O~d jw Ie oe ras i ae : 0098 *HOO0'HN* ata oot ilepasoe te 
O- ° : X | . “07: 
eS 4 (oye) Ont re ‘4 76 Se a ee Py BAe St [ci 77" "***aurpyeueydyeoy | gf 
ee CEO ea ye ee ere gies 
e f HO ae a-O |Woz— ra) ne 5 | 1D O9* Oy a a suouendescer ey 
z O-4d al : IS ~§OS'0(HO)O*(@ 
00 iy J ‘Seal HD) | aqg[nstq un 
ty Z NID es W PF to) es : Wo " ie SAID’ EO | Bemeraiiy sdoud ie teed st 
3 Gal ow 2 99° eee Sos 
ee SSiasae wee S| sepop tte [7a pu cteneecrey | 
= 0 g | i : | eB 
as eee ine, | Re] 2] OQ HAH 01) Bieadateey "2 
Z I PuNOd) Gon ise. t/a. lye oe 3 Wo 5 ve HOOO?HO |77777°°°°°° ep Atae One0y | 8 
SI I O-O .|IN t@ o |WOr a 000‘¢ | MOOD HN HID [088 etter eee Ae SANT i 
00! O-a [Wo Wo to) Jos A | HN“'H°D *“prytaeqaoy | 
= id 000 =, J Wo I HN 'OOTHD [oot Iueyeoy | g 
O-a W #1 Bf oo BOT eprumeya | 
a @ non | Onn do } te tt oc: 2) alee Bp Ageriticon ee 
u dis 1s g (H*00)HO*HD |" pf ede 4 
a HOOO| 0-4 |W 6% I | Wis 3 lpeo t SCHAAR HD UD Sea soy |e 
i 9 t 7010 = 176 Ee oes z 
Srv) TE 
i 980q ee see Bul aul Bul ut But , ! 
aS oe P2T1D |-GI0IT | -302eTT0D |-qIo.4L |-300T[05 -q401,q | 
« 2TG0 sdnoar rejog -I8se 
-josuy,, | oMstoyoereyo Toe dyn our eee 
saan -B)0]1 Md OUHealV | eding [eumen | ding poy Ta}e A a BINWIOg [wormeyD | quesee | 
N & a | 
4IGnToS | “ON 
| | 


08480], UOTZVIOT |] JO sz[nsey 
a 
spunodwo) joomuayg suvbig snown, fo Pas U0ynjo)y¥—¢e ATAVY, | 


S877. 


ARTHUR F. TAGGART, T. C. TAYLOR AND G. R. INCE 


Soo or SSS 


+1 au0ON | O-O |WO ° dis4 | 4 |Wo co) t SRE LLOS £0 8 Lie 1 Ie ae EN aueoeviyqUy | PL 
5 9001 0-0 5 eA 1s i HO OH Sistah hse Re TALS jostuy | gz 
if -[4] “ON|} G-O |W9LZ-| © £s8¢ o |wo co) Tos 10) MO™(@ON)SHND [orcs estes ee MOTPA ouTTIUy | ZL 
im m6) |S 1a pr wie 6) @..< (89 “ON ‘atdind 
eulflay 98) Ja[OIA oulIUy | TZ 
¢ -[OS] “HN | O-a |W 9T co) 0 &Z + |Wo 0 000‘99 CORFE SEUNG HG) liie. 9 tii eae bent euluy | 02 
sides Etc ee eee L a 
‘eyuedeyy, 90s) ease 69 
&% -[10] “uN “HN | O-O |W2E ) Wo¢g-| o I SPN Sy etl Fe ae ea eidind suriuy | 89 
g HOOO “HN | O-a £219 3 1 *(HOOO) *HNIHPO [oot tt oyB]Bxo ouliuy | 19 
4 +[14M] “ON | O-O |IWOS—| © £81  |NZI-| © DIOZEON) SHAD #HO) | See ecee esuBio suliuy | 99 
S -ON] “HN | O-O |WE 18 WS8I-| °o jos A FON ESTING REO ee ye ee 97B141u ouTTIUy | cg 
g -l101 *“HN| O-d |IW8 3 W 0g } |WO 0 000‘TS TOH“HN’*H29 |° "°°" sploTqooipAg surpiuy | $9 
O98 uN | G-O |Ng9-—| oO Ws6—-| © i OLA: SINKS 0276 JU baad SE useis oultuy | ¢9 
-[10] 4.N | G-O | ST wo) Weg-| oO 18 MEP EIE SINKE (2 ELS op) OP ETRE) | i oss sie cine es enyq eurlay | 29 
1IO'N| Od INS J Wo 1s U Cr a8 fo Fa eg yoRyq euymuy | 19 
c 7HN O-a a 29 J 000 Te *HN HO Ooo Sige os enters s eulpiuy 09 
¢g () eu0N | O-7 dis } t SEO. CHL) ©), fe aos 2 ee eialctes suatAuly | 6¢ 
ba 7ON O-a t T¢ Zz Is ZON THILO Seoeeeceecncccesbe hve chars yAury 8g 
‘7 £ON OL t OF 3 1s fON UBIO CC ee o7e1410 pAuy LS 
¥ HS; O-O |90¢ co) t TEASE SOI | poet nr © ueqdeor1su [Au | 9¢ 
? I} 0-0 do ° t Li ACTS OD" 0) laine pee Res eprpor [Aury | ¢¢ 
8 w| O70 |O8s 0 t EU Os yer ee epylnsip [Auy | $¢ 
§ Ig} O-O do ° T #8°0H*O'% (HO) |" (9499) eprumoiq [Auy | E¢ 
P HO| O-4 dis 2 000‘2z HO*HO"* CHO) *HO Joqooys [Auy | Ze 
¢ ....900| O-@ | 0 02 xe CLF 3 \93 3 008‘T TH°OD'000"HO ayeqeoe [AuW | TG 
9 000 ‘HO'NO| G-O |Nzg-]| © £ OT i’ |Woz-| °o 000'€8 ig =~ NIRS aia» caeasaieales Ie urepssury | O¢ 
9 000 ‘HO‘HOOOD | 0-O f SZ to) jos ote Ren Re Ws NS See ees prow oepsAury | 6F 
: ,000 *HN'OOO : 
z +PHN] ‘HOOO| O-d |WIS4 ° - (Wo Rs qos 4 =*HO*HO;HOOO) | = eyeuloons uNtuouMY | BP 
+P HN] ‘oqBUBqiIeo 
¢ ‘HNSO (Ys | 0-0 004 o TOR es THN'S'SO'HN' HO | -O1g7Ip [Aueyd wnuowury | 2p 
0 ca a 0-O ro 0 000'0z0‘T FOHOVHNGD 4s % es 97JBUIO} UNtuoWMY | OF 
+ 
aI Id ‘HO ‘OO| a-o |Wr4| 1s feo— fr jWwoe-| o for Cheb MA Med | Stacks eicaarlh euIsos WInTUOUIMIY | CP 
9 +l"HN] ‘-[900]| 0-0 ro 0 ' 000‘96T STERN OOO HPO [0 4 9780zZUeq WINIUOMIUTY | FF 
¥ HS on 0-0 dj} Is 4 1s HSV EPO EIN ep pee Joueydorgy Ro &P 
¥ ‘HO ‘(HN | 9-0 CTF Is jos IOH'HO*H'D“HN | epopqoorpAy Jousyd ourmy | ZF 
¥ HO “HN| G-O |N*S—]| © dis4 | 4 |WeEs—-]}| oO 000‘TT oe eredas wt [a] joueqd ourmy | 17 
(oye) 
€ HOOO “HN| 0-0 |WIS4 ° WeI-| °° oo -@HN)HO*HOZ(@HO) [7° poe o1Agngost ourmy | OF 
¢ HOOO *HN| O-d |WO 0 d isa } |INO 3 00¢‘ey HOOO*H®O“HN |"""""" [0] prow o1ozueq ourmy | 6g 
LY 7HN‘N'N| 0-0 |00 ° d} 0 I TAN HON: NOD [iro eyoreyyydeu oze ourury | ge 
-l10] 1IOH “eprs0Tyo 
6 “[HNUI] ‘NIN |] 0-0 |W 99 1s Wo ° jos ~“"HPO'N'N HON | -O1p4y, euezueq oze ourury | 2¢ 
6 7HN ‘N:N| O-O |IW88 we) £ 69 o \Wo ° Is A SH°O'N:N*H°O"HN |° 70 suezueq Ooze ouluy | 9¢ 
9 00 THN Oa IND 3 Wo ; Is 4 *HOOO'H'D*HN |°***'[d] euousydoyo0e ourmy | c¢ 
€ ‘HO “[HNU]| O-O fT 0 jos TORE CHIN) SRS ORY Trias psc: foptary | FE 
z S'O:N | O-O d[sA | [sa SNCS eyeusdd orgjost [ATTY | ee 


Ce) 
tc] fA 0 
° | foe. | a we | 3 | 0 
A ° 10 ‘ 
“a Gipa Be A Mana |e a ne 
‘ 9 a cs 
e ‘ f 9T : wot-| 3 6 ont 8t9,00.00""H3 eter beeeenees “ 
HO 'N: d xa 1s (fa ON aes ae 198 d10Z 
Z gI HO NUN | O07 oO 1 SEPOFHIN |e oar lozueg 
Ni Oo IW ° : HN 09" ie ee [izue £01 
o ST ae ‘NIN a's ifs o : enn . ag dai -- oupiauog Ol 
<a 9 HNOO ' 0 190 Wo : Ngee ee i B99 |*°° > 4 prureoydyn [suezueg TOL 
a 9 EN NEN 0 disaA > IN OI- 8 H°O'HN'N: HO perorodedy 8 euezueg Oot 
= 8« Po) ta ee ae oe ° ; ae Saoes ‘NEDO | [dl chats Ins ouozuo gy ay 
HN| 0- Fn Gers he me oetp ouezuog 
z s I 9 I 
Sg II HNOO ae Oo ee apa I HO} WO NN “+ -proe ofo p ouezueg| 76 
(a 9 NHN | O Is 4 ; a aaa ea am Pi youbotag aaa ouezueg 
= ZI Ba oe st a t ~HN'00) OCHO. bulovidawe ie) ore best 26 
© ‘ uiN*, ais 10s A SH)’ N’N'N“H? . u [0] 028 te pha | $6 
uNyaN | O- q pA 8 Bt ae te Ase Q |: oun [A pits! 
ZI wN ‘HO ae OBA - to) } HN ore staal uoydip dat ouee £6 
er tN HO ie } wa | ep A ii se al PF eparawauog | 16 
5 6 ies ine W IZ F o0e‘e oer |S. tea q oulprarervor i 
= I Bal ieee ie + |W W Ze— ; el y eset 
Ee Ot H O-l |Wo ° W - o J 8 E tent sk aL? y [Aueyd apAya auoz | 68 
a SI ae a-o 3} |Wo ty) cM = ° {HON NINO RO Wy eoxeapestsa 88 
i= or meee 0-O n oe rs) W I W ae oO 1s BON HO HO See _ weg! 78 
; a - I nd ' I 
3 a NIN| 0-0 [Wve ree i o |W O¢— ; ; sto oN HOH eas jouoyd ourme pezuog-d ves 
2 I ‘ nbs ‘HOOD a- 2 9 Fie Ra 2 Is HOOD HO:EOED Joo Joses0-z ourue ge cee 
el 6 2HNOO ‘ HN I |Wwo £1 o o é aXe : iHtO ate kee 2 euoueydo 3 yezueg-c 
a 9 ‘HOO: ° Wo i HO:2(00° 07HZ usydojzeoe [ez | ¢g 
a rae wNOoO 0? 0 oO I CO 09 wis 904908 Litohiest | $9 
ey I L ) POON eS cr any | 
i el (Oe  Hwio 5 | fw weo— |. 3 HMO N: 2 arene Lacie | 
; LAS 0 - 19! «noc BaN MO Jot eae fede ale ead | ine 
28u0q fo * W eT— tat OF ey data asanee tances Bae | 18 
IBD) 3 W° a Pe 8ST -(H toy Mes PERT) ou 08 
“«2dh | 8 me Boone Pee co) 000 I 000)*HN' pele) plow oAxoque | 62 
josu dnor Cee M09 |-q,04 3u t OHO |°°" O11} U 
” oust -BO a . pl od epee . 
Jo 704 stopped a 3 nie 091100 Fl ne Sut HO? (O ee ee eee j Heya | SL 
a 5 [P| an col bot OP [aay | of 
ae is (eee I | 
B40] gq euyexty | odng a suloUMADetequy, | OZ 
[BIjNaN d puoryytyl cL 
mi Wd poy cued 
\L wor ‘A M Ut e[nu 
DSI eo SPOS HTEANTOS po are Ten” || 
quesvey 
ON 


SS eee 
| 


(panuyuoj)—e aT 
av L 


Sat “Ss “HNGO 


HO ‘HOOO 


uN ‘uNOO 
: HOOO 


_ HO ‘Oo 


Baas 7 
910 oN 


u ee 
pee U0 N 


east 


ie) 


HN | 
HN x HNOO | 


TH OmH 
a to” 


° 


om OM CONGO On 


000 WON HH 


oo 
° 


m BHHRReemA HAY 
° 


‘aN wiNOO 


Ot 
an 
oc; kr 
oD oD 


nN 


Odes 


he tah 
ad 


eet) 


HO ODM 


~~ 


bee SAAS BARAORH 
ak 


Can 


Ay Py 
+10 
wy AD: 


*(®HO) 
“HO(HO) HO. "HO 


~HN'00'HN'H!9 
HOOO’ (*@HO)*HO 
HOOO* @HO)*HO 


4 


5 
O*HZ? (£02 B40) 80 
O*HS?(€O2H2O)® 
%D2(000H 
tO8 
%92(000'H"O 
HOOO7*HO 
~HOOO(HO)O*HO 
“HOOO*N*0"H*O 


HO000# @HO)*HO 


HS*HO?(@HO)*HO 
HO?*HO?@HO)*HO 
®HID'000"HO 


HO" THO 7d 


1OH“*HN*H°O 4a 


THN TEPO UG 
Id ?H°O"HN’00"*HO 


uw 
IOH**CHN) 
=fH9O' N° N'?H°O 
~N:?N ®H9O%% (@HN) 
HS"*HO"H°O 
HO CHO 
~tHO)N'N'NH°O 
NO*HO“H®O 
HO*HO*H°0 


*H°9*HO'000"HO 


H°O 
~00(HO) HOH? 
07(00"H°0: 


ee JOINBAIBO 


feos, Bholaretin’ in ein: Se uIpTeIqyoqiBy 
aia oie alot aie, mtd. @ 16) ©)6 0 s->.s yozeqieg 


foie Do Sco oie ie prrmmeqieg 
i revel harbiye pie.ole les "y poe d10 1d¥eQ 


secure cme awen se poe oded 
enews plov oruojjns soydweD 
ces cen cee eee poe otoydwmey 
ee eee eee eee eee eese roydueg 
aye[Aol[es UINIO[BD) 
gible nnla) aulereiere S 948408] winded 
onto talre to acest ayBUIOJ WINID[BD 
s falalep nite n te ki wiots. epiqieo WMNID[BO 
p sbetsisrettenere' Te 9}Bozueq WNID[BO 


SNelietetalat octal agate naielieara te auleyed 
o Rinkn ase one nia eerie pros ow Ayng 
vce esas sie meee pres Ayn 
ota a) ae wie: Aleiehete apAyepler4yng 
eae eee ee tee euojns Ying 
© eels pels wt reed 88, epyins [Ayng. 
one “ueqdvoleu [Ang 
nly nie int wile ena uaa sie yoyooye [4qng 
ef A ghee hse oun ieee ts 9389908 ng 


auronig |’ 
oe 6 Ges OD [d] ouenyoq-worg 

ch AA dgereteete [d] joueqd-worg, 
Bee Seon ots WO} OWLOIG 
Se ye Soo caress ouezuaq-wosg, 
Oke een Oe eielewiarettbsiatsioialsi gy 

aproTyoorpAy Seale aan 
a ce ee {d] eurpiue-woig: 
ag Ee *[d] pijrueqyeoe-m01g: 
SE ae St Be Dc ah Joous0 gq 


Bocoot baum UMOIG YIVUISTG, 
site rath abe tts ueqdeoreul [Azueg 


auezueq ours ozetp [Azueg 
SOG ‘+s -gpraeko [AzuagT 
joyoo[s [Azueg 
baie etasioed sss -gqeqeoe [Szuog 
nia abated: “epwoyyo | Aozueg 
oy bite hd +e guousydozueg 
ct aha eins \eueie eh AX **-qozueg 
epupsyue olozueg 


P 
i 
Sq 
a 
a 
Zz 
= 
I 
a 
e 
3 
e 
B 
Gq 
fs 
: 
Bs 
A 


340 


H‘OS “HN ‘N:N 
0 °ON 


0 HOOD ‘HO 
8 HOOO 


-[Os] “.N ‘HO 
-lOSl'.N ‘ ,_HO 


ST 
ST 


~OOID 
aor 


0 NOSCOMHOMH 
Sl 
c 
moomt 
2) A 


sdnoiy iejog 
OTFSTIEJOVIVYS 


a a 


a-O |NS9-| 9 |Wrs-| O° |WIs—| o 2 ACCES 6) 1 ia ee are Mae “sur4xeq | QLT 
0-0 |0 32 0 d3 ° I n *++-[d] urpmyojoryy orpAyaq | ¢ZT 
0-0 |00¢ di 0 I Csi: hte te mn eae [0] urpimyozory} orpAyeq | FLT 
O-— |INO ce) W Sz—- 0 Wo } jos ao “plow o1jAxoqivo yeoevipAyaq | ZT 
Ou ais J Is EO EET OER SSS Bas Tourn | ZT 
1IOH?*@HO):N* HO 
~“F@HO):N* HID 
0-0 |IN £9 ° Wr-| 0 jos “VED ENE EERO) pe oe ZOTOLA [BISAIQ | TLT 
O-wn d 84 3 009‘E% OUSEEOEO W 1 Re a ae [d] JoseqQ | OLT 
O-d |IWO ° Wo 3 000‘TE Sh ORAS U6 TET 0 ie ae Rg Sac [0] JosezD | 69T 
Or WwW oO Oo £ Ze xo W ee- j 1s a ieee. © Ry Ooo Cia ice uLIeuInoD S91 
oa |Wwo 4 Wee-| 3 js A 0) pc ge BBR: seer aurpeso) | 791 
*7HN(OSH)*H"O 
“NIN *H9O HON 
qd-O INSZ-—| © We-| 0° Tos NAO COSHH [8° 85° srr ee per 0200 | 99 
0-0 |IN° o Wo o I {CON GOH.) ciikaawes tee F2 uorpoTfoD | g9T 
HOOO*HO(HOOD) ey 
0-0 |W° ) 0° o |WO ° 000/0E8'T -(HO)O"*HO'HOOO |" * pee oInID | POT 
O-L |W 8T is ro B IN Ié>| 3 000‘T HOOO'HO'HO'%HPO | plo’ orureuuly | E9T 
0*HZ 
0-0 £9 o Tos + YOSFH ACNOM ESO) [°° eyey[Ns suIpruoyoury| ZT 
0*HZ 
0-0 f£ 9% co) O0S‘st | + OS*H*(@NO#HStD) jo - ot 97ej[Ns suTMOyOUID | I9T 
Hal 9 W SZ ES] d° oO W 8¢r— oO OLZ OSS ae ia PCa eae OE aulmoyoury 091 
0-0 |W 6z co) d3 BA |WST—| o 18 * (CHIN) *H°O'N?N'*H°O See Sear makes urprosAiy | 69T 
0-0 0 in pon AS Sty = ose ol aR ere uasday) | SCT 
0-0 £02 IBA IOPHOHO |e [d] auenjozr0TgD | 2c 
O-w £ GP xo OOT‘2Z HOPE DAD! | 7 ee: [d] jousyd-107G | 9cT 
O-w d°? } 00¢‘8z HO*H%O'I9 |° °° °° °°" " [0] Toweyd-s0TGD | get 
0-0 d° co) 002‘9 BUOSEL S| ees tee 1" Gee wWIOJOIOTYD | FST 
0-0 jOTS 1s f£6t {BA |Waze¢ B t 7ON*H°D 10 |" ***' “[d] euezuaq-oayru-sopyD | Ect 
Ol re9 Bf 1s (gas Fo 6 Nl ia a [d] eurprue-10TGD | Zo 
Oa |NWO 2 ae 3 |INO 3 000‘099 AB OVMOSOO Oo 270577." eyeipay [e1oTyD | TST 
O-O Wo oO fo oO Wo oO jos A HOOO 1d’ *HO | ponges sates: 4°. sose ploe o13908-10 [GD OST 
O-d £3 } Is 4 SHOOO HINT EON |) 9-2" =" [d] pyraeqeoe-s0TgD | 6FT 
0-O d° io I OMIGH OVER 20 7 Ce es Toqooys [4989 | SFT 
HO“HN 
Onl | O€e 3 d3 3 Is 4 = Pcie a EME ETO re SS SUIMB[AIOBAIB) | 2FT 
Bul ul ut Sut Sul But 
guor | 7°°N9O -G90d | -202T19D |-WIO4T |-F09TTOD |-qIoIT 
28 fod S404 
-Isse ‘dL B]nuli0 7 [eorma uas8e “ON 
com | dmg euresty | oding pexmey | dmg poy | ‘soya at | MUOd Tormey Poa - 
-e4o,q |_ AypIqnjog 


98489,J, WOI}BJOT,J JO sqynsoyy 


(ponunuog)—¢ HIaV I, 


ae “NN 


OS Stor aN 


0° 


W Or— 


W 9S 
Wo 


000‘0¢8 


ae 


ice 


1s 
Hic 
oo 


SH°O'HN 
~“HN'SO'HN'HN“H°9 
OS? @H°D) 
°H°0 708 HO 
0%? HO) 

"WOHN 
~O'HN'O'HN"“H°O 
HN?*(*H°)) 

HO?H9O'HN 
~“SO'HN*H°D) "HO 
®*HO*H°D ON) 
HO*H°O%(@ON) 
HO"H"0% (ON) 
*(®@ON)*H°O 

LAID) 
~HN'SO'HN"“H"D 


OHO*H"O'N**(@HO) 


2(HO)N 
-VHPO'N: N*SH9O 
ITOH’ HN? (HO) 
7(HO)N 
~NUN*H°O"HO 
(HO 08) 0% (@H%0) 
'H*70'HN'SO'HN 'H%0 
°H*0'00"°H*0 


; no 

"H°O*HO*HO "HO 
®*N'SH°O 

"HO'HO 
~“HN'N'N?H°O"*HO 
SHPO HN'N:N“°H°O 

*HN 
~“VH°0'S'S*H°O"*HN 


®*HO(HON)O'00*HO 


4 


*(°HO'O000) CHO HEO ¥ 
Me ip 


pizeqivoorgy [Aueyqdiq 
Deas ors * eprxojins [Aueydiq 
Oconee suojins [sueydiq 
sisi shots cara/een esse, apixo [Aueydiqy 


ig TA euIptuenb [Aueyqdiq 
Ce aulue jAueydiq 
Seer soinorgqy [AueydAxo1q 
eeisvelsvateksunnautad auenjoy-oaqruiq, 

(F ‘Z) Joueqdosztatq 
SCOR ty * = Tou ydvuosiuid 
iola ie ye siviacpepiee' auazuaqoaziutq 


eoin-o1g} [Aqyydeurqd 
tec e eee {0] urpmnjoy [AyjemIq 
a valialsh alates sulIxOA[S [AQQOWIG. 


*-guoovurd [AqQeIp [AqQIouIG 
Bee) Sinai oh Ca auytue [Ayjourd 


sas sette ee, eos ar SO (d) epéq 
-ep[ezueq outure [Aq}euUIG 


~*jozueq Ooze OuTUIe [AqJOWIG 
SSUOORIO A aris aorta a apt 
-1o[qooipAy, Sarena anne 
sc) 
-njo3 [d] oze surmeyAqjewiqg 
AVE Ba Guaowo be aueyyour 
[Aqjewrp euozns jAIOId 


vornoryy [AqIeIq 
Be er anole laste 

aye[exo O1yyIp [AYO 
‘epwopqoorpay oururepAqyorq, 


"**"97B][Ns sUIpIueip uBADTCG: 


aue0vigyus WOIgIq 
Pe cake ote BD uraye Ce eee jAzueqiq 
Roi Wore acon 59 (piae 

[Aueyqg) prlull suezueq ozvIq 
vias “-guanyoy [d] outure ozerq 


**quazueq OUTULB OZBICE 


***apyynsip [Aueqd ourure-1q 


80 se Be sleld s Ale elee eee 


*9s0.19x0q, 


- ose 


EXPERIMENTS WITH FLOTATION REAGENTS 


342 


& HOOO| 0-0 fo 0 » 000'L HOOD HD HO HOOD [° ost seen es PO a AT EGG 
0 HOOO| O-O |W° 9 Wo ° & HOQOOH ers Whine: PANIIT iP Te 
HO 
ae HN ‘WN _‘N!N | 0-0 d3 o t ~“HN'N‘0*(N!NH99)| °° 7° °** suezuaqoze [AzeuIOg | Eb% 
¢ HNOO;} O-d |W° J ais 2, NST J 198 DEE OREEN (COOH 6 [aati ricoh oa pryfuswI0og | She 
0 "HNOO| 0-0 |WIS ° Wo °o |We ° o SHINOO EH foo oes oe SPIMB EON LPS: 
0 Zi 09} 0-0. |We ° W [8 OF NST 0: jos (QU2TO DS 1 Rane aae nner epAyeplemiog | OFZ 
&T 009 ‘HO ‘009 | 0-0 |Woz-| o W FI Oe VN Se," So t MPR MRER Te oc uTeosei0Nn[y | 6&6 
€1 euoN 0-0 W ro) oO WwW 18 oO WwW oO . re) I *HO?(" HD) cs euer0ny.yT 8&Z 
8 000 ‘HO; O- dB a t eee ins. ahd "ss" poydAyeong | 18% 
H 
Ls 000| O-a dis 3 PB <0 HOO OZH DOO) 257-2! oyejo08Ip eusTAyIA | 9Es 
& u8 | O-O a9 c hg (AS(20) MN eae aidichete 5 AI <a epyins [AqIq | CEs 
€ HOOO| O-d dis 3a [es *(HOOD)HO'%H*O |"° °° °°" poe oruojeu [AGIA | FES 
i 000 | O-d d°0 3 } RODEO) Fin. 9 * Soe eyeuoqieo [AYIA | SES 
Z 000 *ON| O-d £ 68 3 t "H*0'000H°D70N |***** eyeozueqosztu [d] [AGIA | ZEST 
Z 000 “ON | 90-0 f 68 Ii t 1H*0'0007H*D “ON |°***'9780zUeqoaqtu [um] [AqIq | EZ 
tae w| 070 |O3 ° BA ®H0'S8'S0'0'H20 |""""** e7eyzuex [Ayyour [AGIA | O&Z 
% HS! “RO: 12 =F 0 I SHE'S BOOS) ab oo oqveyjuex [Aqye [ANIA | 62% 
9 000 SHN O-d |W LT J WN 6F y |WEE J iG 5H*0'0007 HO HN |***'9780zueq ourue [d] [AyIq | 8zz 
1 -[10] “HN | O-O W 9 ©, jos A IOH*HN *H%O |" *‘epuorqoorpég oururepAqyg | Loz 
T “HN | O-O |W I ° W 26 OD TINGS o dg SELIG SER Oe ee eurme [AGIA | 96s 
G 000; OW |WO Ps d ° + |WO a 000‘98 ITED OOO AMO a os 9784008 [AIA | Ss 
8 wNOO;} Od |NO J Wo ¥ |WO 3 t HOO CRONE [oor mnt" pyiusyeoe [AUIA | $23 
0 ‘ HO; 0-0 |WoO oO Wo Oo. TN 9G — ei jos A "(HOV DUOMO ies ts" Towa AIM | EZ 
&I 000 ‘HO‘D00} G-O |W6T to) £249— | BA JW 2— o ! Fin”. Sl Sigh Re Saeed aaa auIsom | Ze 
7@HO)*H°O HN | 
ia’ HN ‘HNSO| 0-0 |00¢ ° d xe 0 I “80 HIN VEIOSEHO) aor ree: vomnoryy [ATAXIC | Zz 
¥ WS} 0-0 |0 xe o £°6 "HOO he So Onne® [or ener UasoqyUueXIC | OZZ 
"HO*H9O'HN | 
éI HN ‘HNSO| 0-0 |0 £6 o d Xe so) ! TOE NE Oe ry) os * vomnory [d] [A[OHI | 61Z 
"HO?'H°O HN 
ai HN ‘HNSO| 0-0 |06¢ 0 d x9 ° I SSS;0 Ei Nay sO eELOy Nt peys vomnorg9 [0] [AOR | SIZ 
4 uw8| 0-0 d} Is 4 I A SFY UST EE al ce QE | 
-qjou [Aqjourrp [Ayye Ogg | LIZ 
8 WS ‘HN| O-d ag J I HN:*(?H9O'S'S'tHIO) | autre [Aueydip omg | g9Iz 
3ur Sul Sut But But But | 
280q 204 “P9719 |-GqIO1F | -209T[OD |-yqQoIq |-909T[0H |-qyoay | ¥ 
ae sdnory seo “20y yee | 
“ d god sj18 : 
TOsuT,, | W4stLejoBIBYD co ding eurexly | odjng peaynen ding poy ‘IOVEM ! Seat | pa teal, oN 
BO}ad -8}0],7 AQyIGn]oS 
-uInN, 
| 98489 J, UOTZBIOTY JO syfnsoxy | 


(panuruo))—¢ aIaV I, 


x dae ' : 10*HN*H°O0“*HN *HO 
10 *“HN| G-O |W cP yo iC LSic- o |W St— ) BA SOOM EVOCH Ning ewe eS BUssBINN 9ST 
HO?HO'00 
00 ‘HO | O-O £9 ° qos 4 *(HOHO) Ne PL wot ana eee asoNAVT G8Z 
*HN ‘Ho00| a-a |Wds— 3 W ZL— o 6 6IWe t 000‘F% SERNDHO! FRO) O oO seen JT eurneyT F86 
wN| O-d JI EL I W 22 } |WoO s) |e ee ein ss | se ee ee ee eee auIpideyT ¢8z 
900 INS 2S) O70) |'0'° o I aks tele dhe RS aPBOINJOTYIP PBT JST 
60! 0-0 lwo 0 Wo o |wo ° I EMD‘ OOYMND [roc ct QUIOINeT TSz 
| HOOO} 0-0 |W 66 2 W 29 ce iss = 2 ie PROOO Ss EO, sce mca ee PHS oNNVT 08S 
900 Kore) ‘HO| O-O |W° Oi IAS OSTA 2 Qo 000°OLT 20 AM A DIN po ee ein OB, ong ees O8070BT 616 
HO ‘HOOO Oa |W? ce) W IS o 6[\we 3 co HOO; HO) HO’HO en ees plese o10eT Ble 
00} O-O a? Is.4 . ig OHO 2HO HO CHO) 225 eee apAyepeieyeaosy = pIz 
000| Ow do 3 a CHO) HOO PHO |i 9383008 [Adoidos] 91 
00 ‘HNOO, Ow | WIS|« F W ° oN cb= RS je a annes— Sle 
suoN | 0-O z W 8g js4 : Oot THO WIOJOpOT PLE 
“in GeO) WAGs — | (ONE | O° IN 9¢= | 9 0 ‘OT ¥ (20° HID) ulnuyt §=€1z 
HNOO|} O-O |W? 2 d 9° oe IN OG 9 o z UlyZOBIpuy = SLE 
h -[10] ‘HO SHON Oo-O Ww [o) . oO W roy Oo jos A IOH'HO?*HN ee apt 
-10[qooi1pAy sulwmeyAxOIpAH BT LS 
J HO “HN! O-O adwa sa jos OWEN Ta) ee eke suImB[AXOIPAHE TLS 
HO ‘N:N 0-0 |0° 1s sa HO*H!9O'NUEN“ BPO | euezueqoze AxOIpAHY OLS 
HO| O-O |W ¥%- Q W ° s4 |Woe qs 000‘06¢ BET O)UE OIA le ba ae euoumboipAy 696 
HOOD} Ow W Is 3 W ° 3 006'¢ HOOO* HO HOSED [iy eos” plow orureuul0IpAH] = 89% 
. HN} 0-0 |WTé w dj o WO o BA SPIO UEIN BENS SRO) | Ys 5g bn euezueqozeipAH L9G 
-[}Os] “HN | 0-0 | f 0g co) Tos YOS*H “HN“HN [707 a7ejTNs oulzeipAH 99S 
09 HO| OW ING + | WHE ay EO 3 i he diatndiy tod a [dj] epAyapye [Aoresomoyy = 9% 
_H009 ‘HNOO| Od |W? 9 W Is 7 IN So = 3 000‘ s Set EIN Om EO Uys “"ppe ormddiyy 49% \ 
wiN “AN O-O |W Ie—- 0. W ¥2é oN. P= ° 000 0€8 *N9(@HO) | °* emruresj}99 9 ouopATBoUIEXO HT £96 
07O | £2 o t OVO || VET eas ousy}e IOTPOVxeA 9G 
OF0Y 0° ° Be SPCHO)FHO] es epyns [AydeH «19% 
o-0 1089 9 | ws Ho’ GHO)SHO | ios ueydeorem [Aydayy 09 
a-o |Wsgs- ° W 08— o #|Wwo to) Is 4 107 HE HAS 5 eh Roteceasseeeutisies UAKOeUIETT GET 
o-0 |N°e ° W 1é— ° 18s ~HO'*H"D*(H®Os) |" {iS ELS are poe-A 8so 
2 a oO } 000‘9T [°]"HOO?*H!OD'OH Be 6 Whe) a0 e008 bere © Stee. yooemy L9G 
WO ° qo I lwo ° yas HO*HO*HO'HO |"""** VASA eee ““JOoAT) 96% 
. HO *HO ee 
a Y oe IN ° o i PHO HOMO SR ON | ooo Cee a ge ee umed4TH \ GeZ 
) Wo o IW AT— 3 000 029 {H009) CHNHD |. eh at Aas Pos oeINTH FSS 
9 W 0L— o =6|WO0E—- o 000 0T *(HOOO See 3 “Ar "prose ormenyy = Eos 
als js A u jos A AS wabeaiien JAueyd esoonty ZEz 
| 49 3 Is 4 PALME TR Pee PORN ajejeoejued asoon[ty 1% 
; wo o Sei ep ee ee ak lies, soatens, sell wees QuOZESOONTD) GZ 
o |W29- a ) yureqoag [otc ect eUyBIAD EFT 
Qe WN'09 = ta) 009 TT HOO)’ =H" CORI Siva ‘ct ple oe) 8 FS 
a) Reds SN SAL eae aD GATOR psec ayeyeowqued asojoeyey) LFS 
oO ; ITN 0! B jos A : - ‘ wee eee eee pte eee QSOJIBTBS) OFZ 
| X 
’ 1 iil \ ‘ 


EXPERIMENTS WITH FLOTATION REAGENTS 


344 


0 HO‘HOOO] O-O |W ¢z— o Fes o |Wo ° 00's meats t ioeaT etal Ye ae Aa ioe SM phe opny | Zig 
HO: A 
T 000 'HO| O-d d 3 Jos A ~(HO) HO(HO)*HO i i iil me aaa uljeovou0W | ITE 
OS*H 
ia -[Os] ‘HN a 0-0 d {[s84 A jos A SEO ERO UEL NT Sen Klean = Soo ae Caer eet ahe TNS e “"*JOR0TN | OTE 
6 “WS ‘uN TaN 0-0 -|W 91 to) £¢E o = 6|W2- ° jos Coley Cee ae Se aniq euefAqIeW | 60E 
IOH*HO'N?*H 
. 0:2 CHO)N FH9OID 
61 -[TO] “uN |} O-d |IN 09 J Wee-| oO jos “SE OeNC Oy 9 ok are see 797014 JAQIOW | 808 
< HOOO HOOO*H'O 
or wN'N'N| O-d JW 99 3 W &t— ° 1s ee eter ee ms par FAqIOW | ~L0E 
H°OS*H 
or HOS “vN‘N'!N | O-d |IA 8 J W LZI- o 18 “NENT H°O'N% CHO) thd Paley x esueio [Aq,0W | 90€ 
HO 
144 wN'‘NtN| O-O 109% (3) i - (*HO) N'N?N*H°O * -guezueqoulUleozBIp et cog 
OS*H 5 
“i -[FOs] ‘HO ‘HN O-a f 9% I jos ~HO*H®O'HN HO | °783[ns Jousydourme [AqyaW | F0E 
8 -[10] “HN | O-O |W2z ° r=) wa | s— ° Jos A IOH*HN*HO | ®pHoryooupAy ourure [AqOW | E0E 
*“HN| O-O d° ° Jos 4 *HN*HO |’ °°" ourure [AGE | ZOE 
0 HO; O-O |Wo ° Wo ° @ nee soeeeesessss-Toqoays [AIA | TOE 
: HOOO 
£ HOOD ‘00| O-a d ig I 18 4 -@HO)HO'00*HO |*** “pre oeo0v0qeoe [AqyeT | 00E 
qT 000; 0-0 |Wo ° Wo ° 000‘61E oj! 8 (JX 0/0 a2 © (2 I) ieee a 07849008 [AIAN | 66G 
8 00} Ow d°? 3 T GUESS eo 29 2 ORS epAyapleyeW | 86z 
$s 00} O-d do XQ t [HOOPER O OAC HO) [ee ree aprxo JAVISOW | L6z 
6 HO| O-wf W Is 18 Wo I Is Fe 7 ues th Be ca TOUsUPTW | 966 
HO?7HO 
0 Pa et©'|) (O=O d° ° Jos A HI OMOMAO SHO Io fo eee eer eytuUBT | f6s 
9 HO HOOO} O-d |IN° ° W9- Ps 000‘09T HOODOO) BOE) | oars plow ofepuvy | F6e 
0 900 ‘00 ‘HO} d-O |Wo ° f= o Iwo ° Jos A Ds 6 so a lint Mh (Rae ceil ane a as aad esozPIN | 6G 
T “*HNOO}] O-O |WO ° Wo o- IWO ° |000‘E8 7(*HNOO)?HO |" ° “Oprure oTUOTeI, | 76z 
T HOOO| O-O |W°O 0 Wo o )61WO o  |000‘000'T + SEIOOMeHO on Ce tete* pee ommoreyy | 16z 
F HOOO(HO) HO 
T HO ‘HOOO} d-O |W¢e ° W &?— ° IW 9e— y jos A REO THOOO eo ees RPT eES 2 prow oe | 06% 
& HOOD] O-O |Wo 2) fo o 6IWO ° 000°884 | HOOO'HO:HO'HOOO |"**- "°° Ploe safe | 68s 
F Le IOH' HN:¥H°OGHN 
ia’ -[I0]‘HN “HN | 0-0 |Wwes @) W 09- OF IN sr— ° [os TRV OPH tO SIN foo tes useis aqIyoRleW | ggz 
a 000 O-a JIN 9-— co) f- Wo J jes 3IN*(OO0*HO) |" °° ° °°" "9983008 uIniseuseyy | 18zq 
sul But Bul Sul ur sul 
2su0q mor |199TI9O |-MO41 | 7997199 |-GI047 |-999710D |-qyo1 
a3 quory 
eae sdnoiy rejog aol alee | 
te BE: dod 8318 A 
“esuy,, | onstioyoerey | ho | dmg euyeyty | odimg yesynen | ding proy | ‘ram om | MUO Teormeqo Daath = 
aoe ate -840],T AMTIGnyoS 


98489, U0I4BIOT,T JO sy[nsoxy 


(panuyuoj)—¢ aIav, 


*HN ‘900 | 3 [sa SEEN VEC) O 2HONee. ein oes [d] urpoyoueyg 
7HN ‘O00 j d a is 4 SEEN VEO OSES) meen as eto [0] urpeyeuayg 
z suoN | O-O |W &I ° £6 ° W OT ° I Tae Se it A Ba, ee sueryyUBUeYy 

00! Oa | qo } Isa (2O®BWIO) [oot SoRtks Jopeaeg 
é ye) O-O ‘CO Co) jos a (OF See “epAyepleusi0jyeieg 
fat e HOOO - 0-0 : Pot ° I HOOOMCHO)FHOHE oor sessaery ples orpmMyeg 
HO “NON 0-0 i Apes Is 1s PERO NN FHS) HO) ere eee guezueqozBAxG 
HOOO}| O-O |W°2 o Wo ° 000'¢6 OFH Girt = GOO) NEF are anes sae poe oexO 
~ , « HO O-“ d 1s A 3 jos A *(HO)*H®O"HO a eee eeene uldIOQ 

: Fie edn ; GT8S ®N) HOS HD 
 &t | HtOS‘HO‘N:N|] G-d JIN ct ° EL 50 I et= |} 9. |* os ~N'N‘¥H°O"8OSH |°*°°*"* oy} ydeu [»] | esuvIQ 
aan -* SOD Ord * go } 00z'T OHDtHID [tor ctt tte joyiueTeG 
= HO ‘ON Oro") d is 4 is 4 ¢ fos LOPE COLON |e ice ce {d] Joueyd osor4tNy 
 HO‘ON! 0-0 |WIPF 8 d is 4 s4 |WO ° js A HOTA" OION \iiekass Tousydeu [9] OsorjINy 
wN ‘ON | O-O |) d°0 9 isa 7(HO)N HOON |*** vourrue TAqyeurIp os0141Ny 
IN eeclinre: 8 is A *HN(@HO)"*H°O7ON |° °° °° *" [% ‘T ‘g] Urpmyojo14INT 
} f£ GF 5 , js A ®HO'H®O*ON |°° °° °° °° 7+ **[d] auenpojzor3tNy 
asa Is A Is A *HOMHPO“ON |*° 112577 ** [0] euenpoiomin 
d sA is A is A *HN'HN'*H°OD“ON |***[d] outzerpAy [Auoydorqtny 
£ GZ Rs W LI- ° Is PLOVER OMSON || 2" tess tet heel [d] Joueqdorqtny 
W 61 isA |W FI— ° Is 4 HOt HOP ON, |b ovina: “*"**-[o] joueqdorztny 
W #I- 9 1 HO*H°OD“ON |°° [ur] joueydoaztny 
W £9 fs |Wo o t 7ON 4H%D |° **[»] suepeqyydeuosqiny 

7(®HO)HO 
d Is At . a sf A -§H99 (*HO)tON - er susuIADOIINT 
£ 9% A I Ig *H9O7%ON |** [d] suezueq UIOIQOIZINE 
£ 9 1s OOF HOOO*H®D"“ON |** ***[d] pioe otozusqoyiNn 
f 9T 1s 4 008‘9 HOODTEPD FON jor: [0] pro’ o10zueqorztNT 
f£ st 18 ooT‘s HOOO'H®O“ON |° °° ** [al] poe otozueqoazINT 
qs Is 4 1s A TON SHIDO [totter auezueqor}IN 
f 86 3 Is 4 OHO*H'D “ON : [0] epAqeprezueqorzINy 
f£ 8¢ 3 js A OHO*H®O“ON |***** [al] epAyeprezueqoayiny 
£ GF Bi Is A SHOOV MORON OY Oger sas 7 [4] efostruvoagtny 
f €€ 3 Is ®*HO'OO'HN*H°O7ON [°° 1007" **[d] prraeqeovorginy 
EF O0g— 1s 008 7AN*H°!O%ON AS eat prone [d] ourprae.ytny 
aia HN VEPOZON [ocr [o] ourpiuesqtny 
ZL *HNHPOVON | ttt [ou] eurpmeagiyy 
i és pe cepted ed ots. op wiareleint stat 6 als aUTIOOIN 

OH 
+ H°OS* HO %HN | plow oraosns ourareAqyydeny 
SEIN EIS) |r ** [9] ourare,Aqyyde ny 
{ANB oS “7° [2] eurore;Aqayde Ny 
SO:IN“Hty |* ‘egeuaeso org} ost [Aqyydeny 
HO'HN"H%Q |outure,AxoipAy-g [Aqyyden-0 
THN HN “HD [°° °° [»] eurzerpsy TAQ} qdeN 
H°OS(HO)9H"O |°°" 7" poe oruojyns jouyydeny 
HOUND |oocceee *-“Tg] jouygdeny 

HOH") |° ***[e] jouygden | 
HOOO"“H")9 ee . ¥ . “pros o1oyqyqdeny 
HO* HON: N"“ HD |" * ‘tous qdeuoze ousyeyzydeny 
ae ; S [trrttt ests -auepeqqqdeny 
bis ; 
™”% : ) or! 


OHO"*H°0%07HO eee ae ar) *yeuosedig Z6E 
ps ee es ee ‘eumedig: 16 
Saar || te ee merger Al Ame ++ +es+s-gurpuedny | o6e 
; OH #(¢HO) 
18 “(HO)OHO)9 CHO) ei Rae ayeipéy euoovulg | “68E 
ie jos -(HO)O(HO)O#2(@HO) | “-""***-guooeulg | g8e 
d o- i ! 1s A §e@HO)O’ 00*HO ee | eee {euyoosuld L8& 
£6 A |Wo ) 00231 HO PROOs CON)" °ogecaecs none “plow o1soIg | 98E 
yh i ob 4 |Wo j Is 4 CHOO) HOH apupsque omleyyyd | ese 
CGE Oy =} oor's [SFC OOO UAE Oy FE eS plow oneyyyd | $88 
£ &% 7 ae Is A FINECOO)F IONS fe ere “ praypeqidd | ge 
i y i d re) xo 1s 70 *HI0% (HO) re ‘au010ug Z8E 
s f WZt—| o qos TOM @RIND BED poe ee [d] eprszopqo 
eee! } -o1pAy oulmeIp suefAueyg| 18¢ 
s W9I-| o jos TOH?*@HN)'H9O [oC [ur] eprzoryo 
I ie -ompAy ourmerp ausfdueyg | O8€ 
| dA | a jos 2(2HN)YH99D |" [d] eururerp ousfAueyq | 6L1E 
d is 18 jos 7(7HN)*H9O Be eS [a] suluIBvIp sue[Aueyg SLE 
i ct fe} xo is A °H*70'O000' HN *H!O feos Si Ree a osuByyzoin [Aueqg LLE 
£91 J 18 *7HN'OO'HN'H99D | “77 "gem [Aueyd | 92g 
° 1s 4 5H*00'OS' HN*H9D [°° °°" eueygyemmoryy [Aueyg | GLE 
is | axe | [84 iad *HN'HN“H%) [°° °°" *" “***eammoryy [Aueqg | FLE 
Rr Best HOOO7*HO 
a) 18 ~HN'SO'HN*H°O |" “ploe orojguepAyoryy [Aueyg | ELE 
O50) |i, | Oo |W gZ °o |982()) 1 1s 4 SH°D' O00 7%H*O OF | eqeAores [Auayd | Sle 
0-0 adisA | [sa ; I HO HN “HD | °'[e] eururerAqyqdeu [Aueyg | ILE 
0-0 9) og 1s d} sa p ‘is Aa COIR | --" * eyeueAoorgyosr [Aueyg | OLE 
0-0 d} 1s 000‘0% HO'HN HP® |° °°" "* eururefAxorpAy [Aueyg | 69E 
Or ile fe #8 J ; qos IOH*HN' HN HID Wiis oem ws sipie 6 ss 6 « ¥.5\e apiioryo 
" 4 * q -orpky eulzeipAgq jAueqg S9Eg 
ond | d x9 J ice TEINGHUNE Hey eulzerpAy [Ausyd | L9¢ 
O-d 1096 3 FLT °H*0'HN'SO'HN“H°O |"°°**" wainoryy JAqye [Aue | 99 
o-O | f 9T ° 1s 4 *H°0'000*H°O Gtharee op? eqyeozueq [Aueyg | ¢9E 
xy. ; HOD 
0-0 Hy Gis Is 4 Is 4 ~HIN'N:0?#(N:N“8H®)) [°° 77°77" [Azeuriojoze [Aueyg | FOE 
_ §H9O%HN'SO ‘apylnsip 
O-d | ee dj} J Ig 4 ~*S0HN'S)O:N%H°O | Weanry, wnmomume fAusyd| Egg 
O-d Ww Oo oO TAL oO 3 000‘09 HO'H!O ee eo re | joueqg Z9e 
Od | cg 3 1 THEO TEI test eee eee eet joxouayy | Tos 
‘ | But sur sut sul ul Bul 
«non pice) “01g -499T]0D |-GIOIA |-700T[0D |-4GI01,7 
; sdnoig oe ee gas 
oystiejowreyS) “teeI0 | ute ee ee dag pey. | ioe ur | “Pye OEmeNO irakics: BS 
; Bie) AyTIGNIoS 
08489], U0TYBIOT.g JO sz]NsEyy 


(ponunuog)—¢ 


% 7HN ‘HOS | 0-0 |IWo 0 fo ° lwo ° 006'8 
Zz 00 ‘HNOO | 0-0 disA | sa Jos A 
z ; HOOD | 0-0 [wo o ret—| o |wo Is | 000‘89 
z 7HNOO | 0-0 da | [sa 00¢‘* 
z WS ‘8 ‘O00 | 0-0 | £98 0) £ #8 o |W98 0 Jos A 
0 -[000] | O-O | Wo °. Wo’ o 006‘ 
0 -[000] | O-O | Wo fc) Wo is 000‘0#* 
iE _...WO | 0-0. | Wo ° Wo 1s Pp 
9 WS “HNSO | 0-0 |9D0¢ ° Q jos 
v4 HO ‘-[000] | 0-0 [wo ° wo © | 000‘0T6 
¢ W0s | 0-0 |Wo o . W 6— 0 jos A 
6 00 ‘HO ‘Wtos | d-o |wwoz—-| © Woz—| i | | jor, 
ite ne Ss -1099) O-d |Wo ) Wo J 000‘OTT'T 
o | “00 “HN ‘HN | 0-0 for-| o Jos 
Ame HN°SO | 0-0 |O 8&8 Osi} Is A 
¢ - HO‘HOOO | O-d |Wo ° £ ° on 3 002‘ 
HO “HN | 0-0 |WWoF co) Wos-| o Is 
HO | Od lWwseg—| o ro 3 |Wwo 3 jos a 
09 | 0-0 |Woz-| o fo o lwo Is 18 
df } 1s 
W 18 3 WEI-| 0 Z 
jos 
Is A 
jos A 
jos A 
o 
1s 
o 
jos A 
jos 
Is 
jos 
jos 
000‘9 
jos 
qos 


O° 
+ [4] H®OS*H°0*HN 
yo 


HOOO 
-*HO*HO'HOOO 
*HN'OO 


®N’O'H#D 
SNS'SO’HN'H®OD 


OTE TE 

-T®N'0007HO 

-(8N'000)(HO)O 
~tHO'®N-OOOI]s 


- 8NfOS 
~*(HO)H°0*(00)'H°9 
®N'O00"*HO 

IOH 
~tHN'0O0O'HN'007HN 
7HN'°SO"H°OD 
HOOO'H’O) HO 


IOHN‘HSO 
#4 


to 


yD 
*(HO)*H®O 


[0] *(HO)*H8O |° 


6D 
*HN HOt (*HO) 
HOOO*HO"HO 


°O'H'O' HY 
‘OS "H4O'H 
— %OH*OHM 


See ewww eee reee plow o1mtoong 


eye) € 018 ches ace ee eprureuroong 
a PGE ocakiMas aqyeyuex uNIpog 
stated Baad eens a48[exo WINTpog 
eee eee ere eee 8yBULIO} uInIpog 
Sion iia ayepAqye uINnIpog 
Rubs yd s8ik ara ro Sqeureg 

-1ed [AueydoryjIp wmrpog 


ASA Sr sey Ate 9483310 umnipog 
***aqBuojNs ouezueq uINIpog 


***9qBU0J[NS UlIeZI[e UINIpog 
Rialals.sicial crs ate ayBjo08 WNIpog 


SB 0) © ata)e prurezusq ouspEg 
Cece eee senesee pros oTTAoT[TeS 


tele & 66\ ele ie v, e-simtevie te: suIpleuNy 
so thy ete se [OTIes01Ag 


nce vit tt pre oruordoasg i 


te pcees “"aqeyguex UWINISSB4Og 


eee ele 09'8.13.1841q UINIsse4zo gq 
tae ‘ogeydyns [Aue UINISSBO TF 
“"***QqBTBxO PlDB UWINISSByOq 


<< bn aC 7 ee v2 


EXPERIMENTS WITH FLOTATION REAGENTS 


348 


°(HO)*H°O 
6 HO'N:N| O-d | 088 3 dj} 3 18 > Neneh ORO poe oor ee [Oulsiosoroze suenfoy, | 9cF 
6 ....H0O| Od |IN 0€ 3 d } 3 Io a 0&8 APO UH OSES Oi te ean ose So JousGL | oer 
0 7) coats 0-0 |Og€ o d §} wa Ig 4 FEN ROPE SO SHINE orale a epyinsip wenn, | PoP 
0 “HN “HNSO| d-O |0¢2- ° Ps9— ° 000‘06 STIG ORCEUNM gr chee owe Boog], | eoPr 
¢ HS; 0-0 400¢ ° a3 o t ESE Oe 5 oe hank joueydoryy, | scr 
6 HS| 0-0 |00F% ° a 1805678 C170 0 eames alae jouyqdeu [g] org, | et 
0 HOOO ‘HS| 0-0 |90°0 9 fos HODOFAO MS hs Se ple omfooATsorgy, | Och 
OT wW‘HN| 0-0 | 0°° ° Ig A io ald. OES || aa eal ourmMB[AUeyaIpory,L, | 6rF 
9 wes 0-0 1906 0 [Isa HS?*H9O'HO [occ te joseiooryy, | BPP 
6 ‘WS ‘HS ‘HNSO|} O-O |W 26 o d x9 o t (EPO TEIN SOuEuNrorr asin oss Se cs Pifueqreoorgy | LFF 
9 "HNSO| 0-0 |0 0% Qo 1s EEINGS Saco he oe ee eprlulezueqorgy, | OFF 
8 W“HN| O-d oO} 5 di} ISA Is 4 SHORE IE OVC g tr eae: uyruBvorgy, | Shr 
: *HO'HO:*8: HO 
1 fas) HN| 0-0 |026 3 d} Is A 1s HD HINPEIOLS ETO) yy? 22 anes he aes UIPISIGL | +P 
€ wN HNOO| O-O |W §I- Qo W 6— o 008 Cie Oe i Nee nema ara eurMoIqosy LL, | hr 
0 -[HO] “s[N’u]] O-O | OBA ° os A POUNCED) ose ee: BEE es 
-Ay uintuowue [Adoideyay | ger 
7CHO)N “epg 
¥ UNSO} O-O jO0 9 t ~SO*S'SO'N?¢HO)| -[nsip wren) [AyQomsj9y,| THF 
¥ wN| O-O0 ado o [os *@HO)OAN*(*HO)] | °° ee euByjeu [Aqyour 
“Ip outmrerp jAqQeUTeIyaT, | OFF 
7HO)N*H°O ‘“ouousyd 
cas 09 ‘uN | O-O |W 08 Qo Wo o : ~OO07%H*%O'N?(*HO) | -0zaeq ourmerp [Aqgoureay,| BEF 
0 -[HO] “IN’H]| O-0 | 90 9 000‘002'z ERO BNNSELOM Sc oa ek ee eprxorp 
| -Ay uIntuowue [Aqyoure yey | geF 
&T HO ‘009 ‘000|} O-O E Sea a8 I Ie! ae 2 ay SR Arr Surs09 OporeneL | LEP 
0 -[HO] “+IN'H] | O-O |O° 9 joss LGB SIECSETE) yo lees a: eporp 
-Aq winimowue j[Aqjeevyeay | oF 
6 HO| Od |OW xd do ete L! ONAN tm” A antgs he peniaane Josurdiey, | cep 
8 HO O-“ d oO xo 000°S 10 ee) oqyeipAy euldiay, PEP 
; / 07H + HOOO 
0 HO “HOOO| O-O |Wo 0 Wo o 000‘0¢2'T SOREL OOM. 2 t2 oi reei Pres orezey | SeP 
»! a cL-O IN LE — ° fo ° WN FL— 9 2 ‘000‘00z 5 1 79 ie ee prow oluuey | Cer 
g *OS| OW WoO 3 Wo 3 000'0z STs 3 05) 6 tal ie rep lami OS Sia a [suojyNs | 1sF 
“HN HOD) | _ “surareyAyy 
ras *HN ‘HOS ‘N:N| 0-O |IW GT 18 W OI— o Ue ~N:NVH°O HOS | -ydeu [x] oze duezuaqoyng-d | oer 
| | 
Bul Sul Sut Sul sul sul 
osu0q quoy “P2TIOD |-GIOTT | -¥09T[0D |-GIOLT |-909T]0H |-qI0I,T t 
Serie sdnoiy iejog ea pas | 
“josay,, | onsueyereyy | Tod | dmg ouyexty | dmg yuney | dmg poy | ‘aoqeq ax | PMOR eormey | eee! eS 
Jost -B40],7 Ayqnyjog | 
-UIn NT | | 


8489], U01ZB40],7 Jo sq[nsoy 


(panuyuog)—g atavy, 


349 


ARTHUR F. TAGGART, T. C. TAYLOR AND GC. R. INCE 


Seeee eee 


ZL HO‘HN! O-d a3 } Is A HO'HN HO? (*HO) |*** “eurare[AxospAq [9] [ATAX | 26F 
LZ 7HN| O-ad dt 3 Is 4 REENGEEBOC MOINS 2 a9 2 oe ties te ae uIpyAyx | 16? 
i HO! O-d fie 2 8 HOW'D: HQ) ape SR Te jousxx | O6F 
SI HO‘N:N| O-O dais Isa I ~N'N*H292 (HO) |** Tou Gdeu [g] ze eusTAN | 68F 
HOOO HOOO (HO) 
¥ ‘aS ‘48 '0900} 0-0 |0° 1s 1s _ 7HO'S’SQs0°H*0 | ploe oruordoid oyeuasoyqueX | gst 
HOOO HOOO 
g ‘as ‘8 000] O-O |0° 18 1s ~tHO'S'SO'O!H*O |* plo’ oljeoe aqeuas0yUeX | 18F 
(3 000 ‘uS‘HS| 0-0 |O xe co) I Bey OO ae? Seas ed tg De plo’ o1qqueX | 98h 
g 00‘HO| O-d |INO Co) Lo 3 lWO 3 000'0L |-OHO(HO)*H°0'O'HO |" °° te uyimeA | SRF 
T HN ‘HNOO| G-O |INz9—-| 0° £tP- o |INtZ—| 0° 009 REP IR PN Ske Bas aco plo’ oll) | $8F 
j 900 “*HNOO] O-d |W? ) £°S 3 |WoO co) jos a SEO OOO SEIN ioe oe oe auByyeI | ESF 
0 *HN ‘**HNOO| O-O £0 w) qos A BEDNOOVSEUNI AI ban ini lie een eel) | 28h 
9 18, =O d} 1s IgA E(SOSEO)! hee oe 9u0ya0¥ OIGUIL | 8F 
€ u8S| O-d d xe 3 I *(SHO*HO) | °° 7" epAyopleqaovorgysy, | O8F 
iy wd | O-O |0° co) I d? (*H°0) | eurqdsoyd [Aueydiy, | 62F 
61 eu0N | O-O |W ° dwsA | A |WO ° I, HO? (@H°O) “-oueqjeul [Aueyduy, | BLP 
ST wN ‘HN | 0-0 |W 98 1s dA |} 4 |INO } Is A 70D HN)O!N*H9O | 0° eurpruens [Aueyduy,| 114 
8I 10} O-O |Wo co) Wo ) i 100®(@H°D) |° °° "euBqzeursoyyo [Aueqdiy, | 91F 
8I HO} O-O |W° ce) Wo wo) 1s HO'O? CHO) | 45 Jourqaeo [Auoyduy, | LF 
LT u®V| O-O 109 to) SCE) SV Ve eursie [AueydIy, | PLP 
0 000} 0-0 do 1s 4 I Nome ie ea) mae auafAqPUAXOIIT, | LP 
9 2ON | 0-0 £02 ) 00z ON) *H°O'HO | yy auenfoyorzUIIT, | ZLP 
€ 7ON ‘HO| O-O adisA | [84 002'z BOPHOAPO CON) 1s Ve Jose1oszIUIy, | TL 
g wN | O-O asa | [sa Jos A NEGQHIO) [ae AV eure [AQIeIT, | OLF 
Il wN| O- . d} J 18 NGEHO' O20 HO) aT aul sUeTAUOJOIOIIT, | 69F 
Z 10 ‘HO! O-O ro co) 008 10°*H°0'OH | Co) Joueyd sopgorny | 89F 
9 auoN | 90-0 W 99 ) I 10 'HPO | (EG “gE ‘T) AueZUEq JOTYOULY, | L9F 
0 HOOO! O-O |IWO ) £o B4 Wo 0 jos A HOODOO 2a. plo’ 014008 JOTGoIIT, | 99F 
9 *HN‘HN| O-d d3 } 18 THN HN *H°O"HO |r [d] eutzerpAy [AJOL | SoP 
g 7HN| O-O disA 0 jos *@HN)§H°O"*HO | "°°" [ur] eururerp sueTAnjOL, | FOF 
9 -Os] “HN | O-d W 6¢ j jos *OS°H N*H*H°9D'HO | {d] oq8j[ns urpmjoy, | L9F 
9 -l10] HN} Od £oL J jos IOH“*HN*H°D*HO |°* [4d] epropyooupAy urpmjoy, | Zor 
9 -[10) “HN | O-ad £89 J jos IOH“*HN*H!0*HO | [9] epltotyooupAy urpmyoy, | 194 
9 7HN| O-d |IN 92 3 di 3s INO j 00F'2 FEPN PALO ELON care iecis) tece a {d] urpmjoy | 09+ 
9 7HN| O-2 100 } d} } 1s CE oS RResaotycoaai arene {o] uIpmyjoy, | 6¢F 
9 H'OS| O-d £ 9% 3 Jos A + H*°OS*H°9)'HO |"*"°*" plo’ o1uojns ouenjoy-d| gcP 
9 10 *08! O-O INOI-! © W OT co) 1) 10°08 H90*HO °°" SpMoTqooyns auenfoy, | LoF 


350 EXPERIMENTS WITH FLOTATION REAGENTS 


Norrs To TABLE 3 


@ Not necessarily with p,, = 7.0. This designation means nothing more than that no reagent of 
acid or alkaline nature was added. ex , E a 

>F = frothing. C = Collecting. O, in first position means nonfrothing; in second position, 
noncollecting. D = depressing. ‘ 2 
: % “Insoluble” carbons, as here rated, are those which have no solubilizing or polar group attached 
o them. 

¢j = insoluble; © = miscible in all proportions; v sol = very soluble; sol = soluble; v sl = very 
slight; c = colloidal; h = hot; d = decompose. 4 ‘ 

¢o = non-; sl = slight; f = fair; g = good; d = decomposes; v sl = very slight; ex = excellent. 
ee oa maak bee Anaconda Copper ore. P = Perkins, Utah Copper ore. J = Janney, Utah Copper ore. 

‘columbia. 


H 


C 
1 OL | Scatte Aeridine 
NEA 


g Ey lL O Ammonium eosine 
SS 4 ~ Wane 
HOA Ne orm: 
Ve Br Br 
O —N Ha 


+ Structural formula unknown. 
+ It is possible that C—C acts as a solubilizing group here, but more probable that the sample was 
contaminated. 


N. 
i NT.Ca Sout:n. Cutts 101 


CeHs 
H 
===C—CH3 
2 | 
Oo= N—CHs3 
N 
| 
CoHs 
N ‘ 
t Can c.cutts * 
5S 
CH; 
H | H 
m HC———C C—OH Borneol 
CH;—C—CHs3 
HC C CH: 
H H 


» Halogens on benzene ring, unless affected by particular other substituent the ri 
little or no change in the hydrocarbon properties of the rin For thi Sthe bree Ge 
compound is not considered a polar group. = ‘ ie peas goth erate eae 


° H3C—N- C=O 
| CH3 
tis CnC Caffeine 
| CH 
H3C—N: C—n7% 


Pp Benzoic acid probably formed. 
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CHs 


aN 
eee 


H.C C=O Camphm 
| HsC—C—CH; | 
Ee ; yas 
\ | z6 
SS 
Cc 
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CH; 
| 
Cc 
Ae 
fe an 
vi BS 
H.C COOH Camphoric acid 
| H;sC—C—CH:; 
H.C 


COOH 


a 


H.C C=O Camphorsulfonic acid 
H;C—C—CH: | 

| : 
H.C C—HSO; 


wo AS 5 lek 


Bees Sa NS ay 


H 
og. EBAY 

» IAW Fp CH 

Ho Ge cH, | | 

OE 


CH2 


HH 
(e 2 C—C=CH: Cinchonine 
H See 

Cc 
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H.C fe _ Menthol 


N ~ 
Va 

ee NH-CoHC > Cutts NM Methylene blue 
8 
H OH 


Cu iG 
ad WA SES 
HC C <5 Naphthalene 


ae t 
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H 
ae Cc H2C CH: Nicotine 
TON | | 
HC C—CH CH2 
ak We 
HC CH N 
WA | 
N CH3 
H 
Cc oO 
s ig ee GS a 
Ae C—C=C—C=C—C—N 
SESS I | 
O—C CH H2C CH2 Piperine 
\4 Po 
Cc HeoC CH2 
H Pe 
Cc 
H2 
H 
Cc 
Ya 
29 HC CH Pyridine 
io 
HC CH 
A 
N 
Eel 
ah C (a 
47S 
HC C _-CH Quinaldine 
oe ae 
HC CC C—CHs; 
WAG 
C N 
H 
Hy 
a ale 
H wos \ 
Cc C——C—-C HCH CH2 
aos | | | |e 
H:sC—O—C C CH OH H:C HCH C—C:CH2 |HBr 
| | AS | ve Ae Quinine hydrobromide 
HO EO - Oi eh 
SF Cc” 
C N H 
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Uric acid 


Oo ~ 
ae TE =s 
ap Coe Ce 
GTS 
H Coy CoG 
| | \| He Brucine ~~ 
HC Ce C aC Cc 
WW NANIAS 
eas ee 
O=C N—CH CH: 
| ys ES 
CHs Cc a 
He 
H OH = j 
eee aig 
aq CAG. k= 
hots 
vy i rd Coumarin ; 
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H—C HC—C—CHs; Dehydacet carboxylic acid 


Nw 
Cc 
I 
oO 
as Structure doubtful. 


HH H H H 
at Hx2C—C—C—C—C—C=0. Generalized formula for 6-carbon sugars. The groups are the 
feet ‘egy es same in all but the geometrical arrangement differs with the 


O 


OH OH OH OH OH different members. 
au H Br H 
(Cie KOU XG 
a aS 
HC Cc i i Dibrom anthracene 
| | 
HC Corey CH 
W444 
OF OK 6] 
EH Br 
av Br OH 
(a4 
H 
C—C 
a Eosine 
Br 35 
H Br VA 
Cc | 
Home | V gs 
HC C—C—C: CH 
I lL No So-97 
ae! O-—C | 
el Br OH 
Cc O 
H 
aw A mixture of several substances, principally terpineal (ax) and cineal (below). 
CH; 


C 
| 

H.C | CH2 Cineol 
O 
| 


az CH3 


HC CH. Terpineol 
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cy Same as av except that H replaces Br in all four places. 


O 
H | 
az HC—O—C—CHs3 
| 
O ao ‘ Generalized formula for the pentacetate of any aldehexose. 
| | S The differences between the various specific formulas are 
H3;C—C—O—C SS those only that represent stereo-isomerism. 
a 
1 | N 
H3C—C—O—CH ye 
1 Vi 
! O—C we 
H;C—C—O—CH 
ie 


| 
He c-0-07 
H 


Joby del Wel ase 1st 
ba C—C—C—C—C—C=N—N—CcHs Glucose phenyl hydrazone 


had onl ke) ae eel 


OH OH OH OH OHH H 
oH HE 
bb Hx»C—C—C—C—C—CH d-Glucosazone 


yy eee ee 
OHOHOHOHN N 
My 


1 
C.H;—NH HN—CcHs 


O 
Vax 
ieee 
13 ABR ABE ABI. 
be HC—C—C—C—C—CH Lactose, maltose. Generalized structurla formula disre- 


| | | | | garding stereo-configuration. 
OHH OHOH OHO 


O OH OH OH OH| 


NOE as as OP 
C- (Coc CH 
H H H H H H 


H H 
bd @) @) 
aX a 
ne ie ay CH Phenanthrene 
| 
HC C——C CH 
SH WF 
C Cc 
aS v6 
C=—=C 
H H 
Ha 
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H2C CH Piperidine 


H2C CHa 


WF 
N 
H 


i aa 
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of o 
VIN 


VF 
C N 
H 
‘9 Like eosine (see note av) except iodine replaces bromine. 
He 
Cc 
aN 
bh Trioxymethylene 
H2C CHa 
tg 
O 
C==Ne Hee 
C—C 
ae N 
HC—C CH 
| eee 
be O C=C 
| H H 
Ba H.COH 
| 
CH:0H LEO 
| | Amygdalin 
CHOH CHOH 
O | 
CHOH CHOH 
! | oO 
! 
CEL CHOH 
| | 
HC——O——C 
H H 
bj Like bi except that C:N group is replaced by COOH. 
DISCUSSION 


R. E. Heap, Salt Lake City, Utah (written discussion).—I am much interested 
in the discussion on visible Coatings. (p. 320.) There can be little doubt 
that the technique and manipulation employed in doing work of the character des- 
cribed should be developed to as high a degree of perfection as can be attained and 
that due precautions must be taken to insure against contamination and consequent 
misinterpretation of the results obtained. The work of these later investigations 
of the effects of cyanide and zinc sulfate on the surface of sphalerite and pyrite lead 
the authors to conclude that the surface effects on these minerals as pictured in the 
Tucker and Head paper !° in Figs. 15 and 16 might be accounted for in part ‘‘though 
probably not all’’ by the presence of old dust deposits, rock dust, or other extraneous 
substances. They suggest that such contaminating substances would be removed 
from the portion of the surface that had been protected by the paraffin or collodion, 
leaving a perfectly reflective surface in contrast to that exposed to solution contact 
in the cell. 

I recently performed a short series of experiments at Salt Lake to ascertain to 
what extent the pioneering work done in this field as described in the paper 


19 ®. L. Tucker and R. E. Head: Effect of Cyanogen Compounds on Floatability 
of Pure Sulfide Minerals. Trans. A. I. M. E. (1925) 73, 354. 
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mentioned above could be verified under conditions of more refined technique. The 
miniature flotation cell 2° developed at Salt Lake and used in the original experiments 
was again used, as well as a cell developed later, built of celluloid. The impellers 
and shaft were cleaned with emery cloth followed by washing with ether. Adequate 
precautions were taken to prevent contamination from machine grease. The mineral 
particles used in the tests were broken from hand specimens of sphalerite and pyrite, 
handled only with forceps cleaned in ether and attached to the shaft between the 
blades of the upper impeller by means of a rubber band that had been cleaned in 
ether. The particles were examined microscopically before being attached to the 
shaft, to be certain that they had no visible dust coatings, grease or tarnish con- 
taminations. In some instances, microscopic sulfide particles were removed by means 
of a clean rubber-tipped glass rod. 

Neither collodion nor paraffin was used to coat the particles. The use of paraffin 
is open to the objections noted by Messrs. Taggart, Taylor and Ince, but it is of more 
than passing interest that collodion cannot be satisfactorily used in Salt Lake. A 
lengthy discussion of this fact is not warranted here, but it may be stated that in the 
brief time required to transfer the collodion from the container to the particle surface, 
a coating appears to form on the collodion drop, which prevents tenacious adherence 
to the mineral surface, and during the ensuing evaporation and treatment in the cell 
it shows a marked tendency to peel. In some cases the collodion has come off alto- 
gether in the cell and in no instance has it adhered sufficiently to prevent the cell 
solution from penetrating between it and the mineral surface. 

A cleaned metal ‘‘pointer’? was used to flex the band sufficiently to permit the 


mineral particles to be placed in position, with forceps, under the rubber band around . 


the upper impeller. Tests were run for a period of 20 min., using NaCN and ZnSO, 
in the proportions of 2 lb. NaCN to 4 lb. ZnSO,.! per ton, The cyanide and zine 
sulfate were combined in a clean beaker and sufficient distilled water was then added 
to fill the cell to capacity. The solution was immediately transferred to the cell and 
the agitation continued for 20 minutes. 

At the conclusion of the test, the particles were removed from the cell in the 
same manner as they were introduced and were washed successively in three beakers 
of distilled water and then dried before a 14-in. fan operating at high speed. They 
were then examined microscopically and photographed (Figs. 47 and 48). It is 
interesting to note that the surface effects differ somewhat on the respective minerals; 
the particles on the sphalerite show a distinct tendency towards crystallization and are 
apparently rhombohedral, while those on the surface of the pyrite do not exhibit 
this phenomenon. 

The writer is not justified in attempting to discuss this phase of the subject in 
detail at the present time, except to state that microscopic examination of the cell 
solution shows the presence of crystals similar in form to those shown on the sphalerite 
surface. The maximum size of the particles in the NaCN-ZnSO, solution examined 
was 5 microns. Particles of about 0.5 micron size were also distinguishable, but 
whether they are crystalline in form has not yet been determined. Further investiga- 
tion along this line may result in information on the subject, although there is a limit 
to the visual range of the microscope. 

The difference in the machine used at Salt Lake and that used in the experiments 
made at Columbia may account, at least in part, for the difference in the surface 
effects produced on sphalerite and pyrite. 


20 J. F. Gates and L. K. Jacobsen: Flotation Fundamentals and Their Application. 
Univ. of Utah, Dept. of Metallurgical Research, Bull. 16 (1925). 

*!The fact that zine sulfate is hydrous, as shown by the formula ZnSO,.7H20, 
must be borne in mind in properly proportioning the reagents. 
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The experiments of Messrs. Taggart, Taylor and Ince on the subject of slime coat- 
ing are of particular value and interest, although ‘Anaconda slime” is a term of 
somewhat indefinite or broad meaning in so far as conveying a definite idea of its 
chemical and mineralogical composition. Under the conditions of performing the 
experiments, decanting the slime portion of the ore for the cell experiments would 
obviously involve working with a pulp containing a concentration of the soluble 
constituents. The general character of ‘“‘Anaconda” slime, as well as its physical 
and chemical composition, is dependent largely on the character of the original ore, 
and changes due to oxidation, contamination, etc. 


Fic. 47.—PyRITE AFTER TREATMENT. 
Fic. 48.—SPHALERITE AFTER TREATMENT. 


Previously clean surfaces after treatment for 20 min. in a 50-gram miniature 
flotation cell with NaCN and ZnSO, in the proportion of 2 lb. NaCN to 4 lb. ZnSOy per 
ton of ore. : : : 

In Fig. 48 note the symmetrical form of the particles adhering to the surface and 
the fact that they are different from those shown in the photomicrograph of the 
pyrite surface. ; : ; : : a ' 

Both taken at a magnification of 600 X with conical stop illumination. [See 
H. S. George: Simulating Natural Light in Metallography. Trans. A. I. M. E. (1924) 
70, 259-273.] 


A. E. AnpERSON, Salt Lake City, Utah (written discussion).—The authors have 
presented an excellent paper and have introduced to the profession many ideas regard- 
ing the functions of reagents in flotation. The chemical reactions of collecting agents 
with oxidized minerals forming insoluble coatings, as discussed in this paper, have 
been encountered by Gaudin and Martin?? and also more recently. The formation 
of these insoluble coatings upon the mineral surface is one of the primary functions 
of the collecting agents and the authors’ discussion of this function is both interesting 
and important. 

On page 303 the authors say, ‘‘A crystal of cerussite, (natural lead carbonate), 
soaked in a solution of thiocresol, becomes covered with a yellow coating of lead 
thiocresylate, but is not rendered readily attachable to bubbles.’‘ My observation 


22 A. M. Gaudin and J. S. Martin: Flotation Fundamentals, III. Utah Eng. 
Expt. Sta. Tech. Paper 5, Figs. 7A and 7B. 
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confirms the rapid formation of canary yellow lead thiocresylate on cerussite crystals. 
However, on the basis of the authors’ valuation of bubble-machine test results, as 
criteria of floatability, the statement that a lead thiocresylate-coated cerussite particle 
is not readily attachable to bubbles would naturally be construed to mean that it 
will not float. Our experiments, run in a 50-g. all celluloid agitation machine, of 
the University of Utah type, which are of course a direct measure of floatability, 
indicate that lead-thiocresylate-coated cerussite floats readily. This is shown by 
Table 4 and Fig. 49. 


TABLE 4* 
Reagents Ae ne Concentrate Tailing Remarks 
ae oo 2 » -+ -+ 
oo ees) 8 | Eo se / eel. jee |RSS. 
of ee aa -3 a. ag >O 2 48 Oo 2 
Bo |ao| ga | as ae) 32| gs| c8 [32 | 2s | 33 
és | <i | £8 | 22 | a [24 [pe] 24 | de [5 | 8 | 8 
0.20 2 6 7.8 |18.0 | 4.6 | 26.5] 15.8/44.8 Pulp for assay of tails lost. 
0.20 2 6 7.8 |20.0 | 5.2 23.3. 15.7/43.0 |14.6 /81.0 
0.20)0.125) 2 6 8.0 120.0 | 8.2 | 51.5) 54.6/41.0 | 8.1 |43.0 
0.20,0. 125) 2 6 8.0 18.0 | 8.3 ; 52 1 56.041.0 | 8.3 \44.0 
0.20,0.25 2 6 8.0 |18.0 | 9.8 66.4) 84.0'39.6 | 3.3 |16.9 
0.20,0.25 2 6 8.0 |18.0 | 9.8 | 64.4) 81.5)39.7 | 3.4 |17.4 
0.20/0.50 2 6 8.0 {18.0 |11.3 | 66.8) 97.8)87.9 | 0.25) 1.2 
0.20/0.50 2 6 8.0 |18.0 |11.6 | 64.7] 97.0187.7 |-0.23) 1.1 
0. 20/1.00 2 4 8.0 {21.0 |11.4 | 67.0} 99.0)388.5 | 0.25) 1.2 
0.20/1.00 2 4 8.0 |20.0 11.7 | 65.6; 99.5/37.7 | 0.11) 0.5 
0.20/2.00 2 4 8.0 |20.5 |/13.8 | 58.1, 99.5)36.0 | 0.06) 0.3 | 
0.20/2.00 | 2 4 7.8 |20.0 |12.9 | 59.0/100.1!36.7 | 0.06) 0.3 
0.20)3.00 2 4 7.8 |21.0 |/13.3 | 58.0/100.0'36.5 | 0.06; 0.3 | 


* 10/40 mixtures of deslimed cerussite and calcite used throughout; both minerals — 100 mesh, and 
desliming conducted so as to remove substantially all —800 mesh material. The calcite was 99 per 
cent. -+ CaCO and the cerussite was a crystalline, extra pure, containing 99.5 + PbCO%., 


A. M. Gaupin, Butte, Mont. (written discussion)—This comprehensive study 
of the functions of flotation reagents constitutes one of major contributions to the 
literature of flotation and has been of the highest interest to me. It is, no doubt, 
due to the great length of this paper that the authors have chosen not to include a 
detailed description of the analytical methods employed by them to determine the 
contents of collector solutions, such as thiocarbanilid and thiocresol solutions. The 
content of these reagents may, perhaps, be determined by the same method that 
is used to determine xanthate, which consists in oxidizing these reagents with iodine, 
as indicated by the following reaction: 


2ROCSSK + I, > (ROCSS), + 2I- + 2Kt 


This reaction is very sensitive (starch being used as an inside indicator). It is depend- 
able to determine 1 part of xanthate in 100,000 of solution, and with careful manip- 
ulation can be made more sensitive. 

The “captive-bubble test’’ described by the authors is a most ingenious contriy- 
ance making use of the old ‘‘contact angle” idea in an elaborate manner. Although 
the method is graphic, and, unquestionably, a rough criterion of floatability, its weak- 
ness lies in that it is an indirect method to quantify something which can be quantified 
directly, and in that the measure of collection it yields is based on the floatability of 


a ee 


DISCUSSION 361 


one or two mineral particles, which on account of surface alteration may not be 
representative of that mineral. Flotation tests conducted in miniature flotation 
cells depend upon the performance of millions of grains at a time rather than upon 
that of a single grain. They stand, therefore, a good chance of being more repre- 
sentative. The fact that the captive-bubble test cannot be depended upon to give 
more than qualitative data is exemplified, for instance, in a comparison of the collect- 
ing ability of amyl xanthate and of that of ethyl xanthate. Laboratory tests with 
miniature flotation cells, large-scale tests and plant runs substantiate the fact that 
amy] xanthate is a better collector than ethyl xanthate; the captive-bubble test shows 
the contrary (Table 1). Comparisons of the performance of amyl disulfide 
and amyl mercaptan; ditolyl thiourea 
and diphenyl thiourea; dixanthogen 
and xanthate vs. mercaptan and dis- 
ulfides; heptyl mercaptan and amyl 
mercaptan; thiocresol and amyl mer- 
captan, all indicate that the captive- 
bubble test is at variance with the 
results obtained with pure minerals 
and with ores in testing cells. 

The authors advance and develop 


Grade of Concentrates Lead, percent. 


0 0.5 ces 1.5 2.0 2.5 3.0 


the view that collecting agents pro- ‘100 

ceed by double decomposition with 90 

oxidation products occurring at the 80 

surface of the sulfide minerals. The . — 

same view was arrived at, independ- = 10 

ently, by Kellogg Krebs who writes?’ 5 60 

that ‘‘essentially flotation is an oxida- s 50 

tion process followed by chemical 5% 4p 

precipitation,” and also that, upon 8 a 
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hydrosulfide type collect copper car- 
bonates as the result of double decomposition has been demonstrated.24 The same is 
true of lead carbonates. 

The authors refer to collector and frother molecules as consisting of two portions, 
one of which is “‘water-avid”’ and the other ‘‘water-repellent.’’ There is no question 
as to the wise choice of these terms, which are self-descriptive. However, in the 
interest of the readers, it should be mentioned that the meaning of these terms, as 
construed by the authors, is identically the same as that of the terms ‘‘polar’’ and 
‘nonpolar,’ respectively, which have been used before.25 Furthermore, the 
discription of water-avidity and of water-repellency in terms of polarity and nonpolarity 
is in agreement with accepted chemical terminology, as indicated by the use of these 


23 Private communication, August, 1928. 

24. A.M. Gaudin and J. 8. Martin. Op. cit. 

25 A.M. Gaudin: Flotation Mechanism, a Discussion of the Functions of Flotation 
Reagents. Flotation Practice, A. I. M. E. (1928) 50-77. 
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terms by such eminent authorities as Langmuir, Harkins, McBain, Freundlich, 
Bancroft and others. 

The authors take exception to the conclusions of Tucker and Head’ as to the 
coating of sulfides by treatment with lime, cyanide and zine sulfate. Without 
going into the details of the procedures employed, it would not seem out of place to 
consider the relation between the Tucker and Head tests and the authors’ tests with 
practice. In the original experiments performed by Tucker and Head, and in the 
new experiments by the authors the ratio of quantity of reagent to mineral surface is 
enormously greater than it is in practice. Recent work by Gross and Zimmerley 
at the Intermountain Station of the U. 8. Bureau of Mines has shown that the average 
size of sphalerite grains in samples of flotation pulps taken from various mills is in 
the vicinity of 10 microns. If the sphalerite content of the average ore milled by 
selective flotation is placed at 10 per cent., the sphalerite area per gram of ore is but 
one-tenth of the total area of the ore. The area of the ore per cubic centimeter is 
approximately 9000 sq. cm. (allowing for the shape of the particles), so that the 
sphalerite area per gram of ore is substantially 225 sq. cm. In other words, a 50-g. 
charge of ore would contain about 11,000 sq. em. of sphalerite surface, if it conformed 
to the conditions of practice, in place of the few square centimeters represented by 
one spall of mineral as used by Tucker and Head or by the authors. The density of 
the coatings on the new pictures obtained by Mr. Head is such that not over one- 
tenth of the surface is visibly coated by a discontinuous film. Furthermore, Mr. 
Head’s results were obtained through the use of 2.0 lb. of cyanide per ton of ore (if the 
ore were present in the cell). This amount is about five times as large as is used in 
practice. In other words, the pictures shown by Mr. Head were taken under condi- 
tions representing an exaggeration of the cyanide and zine sulfate concentration, as 
compared with the surface of the mineral, of some 10,000 times over the conditions 
used in practice. It is, therefore, hard to believe that the considerably more tenuous 
visible films that might result under the conditions of practice would have any 
substantial effect on the flotation of sphalerite. 

Mr. Ince has shown?’ that alkalicyanide and zine sulfate do not affect the state of 
dispersion or of flocculation of slime. It would therefore appear that the function of 
cyanides and of zine sulfate is neither to produce material, visible coatings nor to 
affect slime dispersion. Work at the University of Utah,?* which is nearing completion 
shows that the action of these two reagents is entirely chemical (adsorption being 
construed to be a chemical phenomenon). 


W. M. Grosvenor, New York, N. Y. (written discussion).—It is difficult to avoid 
being carried away by enthusiasm over the interesting and valuable work and the clear 
compact way in which the authors have presented so much of what has been done by 
themselves and others in ascertaining the forces at work in modern air-froth flotation. 
They deserve such hearty commendation that one shrinks from offering even a word of 
what may seem like criticism. 

Regardless of enthusiastic appreciation, however, such a valuable assemblage of 
information requires criticism just because its general usefulness makes it more than 
ordinarily dangerous to students and young engineers in the field should it by accident 
present any misinformation, unwarranted assumption, or omission of some 
essential factor. 

Many readers may not have Professor Taggart’s familiarity with the large amount 
of scientific study given to the main underlying principles of flotation. Therefore it 


26. L. Tucker and R. E. Head: Op. cit. 
27 See page 261. 


*8 A. M. Gaudin, E. C. Haas and C. B. Haynes: Flotation Fundamentals, IV. 
Utah Eng. Expt. Sta. Tech. Pub. 8. 
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seems wise to amplify some statements that might be misunderstood, to ey some 
important omissions and to correct one or two errors of fact. 

The “Summary, etc.” on page 258 is likely to be misunderstood. After the state- 
ment that “U. 8. Patent 835120 issued in 1906 to Sulman, Picard and Ballot’’ was “the 
first practicable, foolproof method of froth flotation” we find the apparent contradiction 
that ‘A number of less simple methods of producing the same result had been described 
previously in patent publications and otherwise.’ If the modern flotation process 
were described as air-froth flotation, the other apparently contradictory statement 
would have been unnecessary, because none of the prior processes in fact did produce 
that result. 

The “frothing agent” and the “oiling agent” were clearly recognized as distinct 
in 1909 when the second or “soluble agent” patent was applied for. The former acts 
chiefly at the water-air interface to “modify” the air-water surface tension, promote 
“aeration” and prevent “dropping” of the mineral. The latter, in minute quantities 
only, acts by ‘‘smoothing” the rougher ore particles, by filling irregular hollows and by 
increasing the “nonwetting”’ quality of the mineral surface, thereby promoting more 
ready attachment of air to mineral, and is called a “‘collecting”’ agent by these authors. 

Absence of strong aeration or of a frothing agent does not prevent the strongest 
attachment of air bubbles to mineral or metallic particles, but no useful froth will be 
formed. Something is required to make the air subdivisible into small bubbles 


125 even ai 0) Hies bil? Fie. 52. 


and to retard their violent coalescence, which causes dropping of mineral. This 
was clearly shown at the Miami trial when the violence of coalescence in unmodified 
water was illustrated and the calculation of the time of coalescence (1/12,000 sec.) 
was explained. The frothing agent may be a practically insoluble ‘“‘oil,”’ like oleic 
acid, which not only spreads over the air-water interface but is able to produce self- 
adjusting variations in the surface tension thereof. The frothing agent may also be a 
substance dissolved in the water and adapted to produce self-adjusting variations in 
the surface tension, perhaps by positive or negative absorption. 

The presence of too much oil (whether of such frothing oil or of a nonfrothing 
oil like purified petroleum oil) produces a sort of bulk-oil flotation, more or less assisted 
by air bubbles caught in the oil. Such oil excess, however, destroys the direct strong 
attachment of air bubbles to mineral, making an oil froth. Hence, in flotation prac- 
tice, overoiling leads not only to waste of oil but also to lower recoveries, as was clearly 
shown by the company’s own records in the Butte & Superior case. This results 
from a complete change in the method of attachment of the air bubble to the mineral. 

So it is not correct to state (p. 286) that the patent “was sustained in the U. 8. 
Supreme Court largely on the basis of an erroneous theory that the physical phenom- 
ena involved passed through a critical point as the quantity of oil was reduced,’ 
that the patent “specified 1 per cent. by weight on the ore as the upper limit of 
operable oil quantity,” and that “it was not until after many years of practice that the 
quantity of oil generally used got down to between 1 and 2 lb. per ton of ore.” In 
fact, all three statements are practically incorrect 
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In the first place, with decreasing proportions below 6 or 8 per cent. by weight of 
oil on the mineral, there is for each oil and each mineral particle a critical change in 
the physical phenomena controlling the strength of attachment of that particle to the 
air bubble. The location in percentage of this point of critical change depends on the 
relative thickness of the oil layer on the surface of the mineral, on the oil-water surface 
tension, viscosity, etc. for the particular oil involved, and probably also on the 
character of the mineral. This was thoroughly illustrated by moving pictures of the 
captive bubbles and particles of galena and metal in two of the trials. The forces 
were calculated and the critical thickness of oil layer calculated and demonstrated for a 
specific ore with oleic acid (the preferred oil of the patent) and other oils. In a simple 
practical way, we may say that if a small, clean, bright galena particle or an aluminum 
disk is carefully scrubbed with soap and water, washed and rinsed by overflow of 
excess distilled water, it practically hangs suspended in the bottom of the air bubble 
(Fig. 50). The surface tension lift of the clean air-water interface is about 76 dynes 
per em. of peripheral length of the line of contact in Fig. 50. If a minute amount of 
oleic acid is added, about sufficient to form a coating 1/100,000 in. thick on the mineral 
particle, it settles into the position shown in Fig. 51. The more or less modified sur- 
face tension of the air-oil (30 dynes) plus oil-water surfaces (15 dynes) in Fig. 51 is 
about 45 dynes per cm. of periphery at the line of contact. When the amount of 
oleic acid is increased enough to form a layer more than about 1/30,000 in. thick on the 
particle it sinks into the position shown in Fig. 52. Here the only surface tension 
capable of supporting the mineral particle is the oil-water interfacial tension of about 
15 dynes per cm. If the particle is a cube of galena weighing much more than 5 to 
15 mg. according to the kind of oil, it will pull out an elongated thinning neck of 
oil and fall off (even from a stationary bubble) whereas in Fig. 50 a 45-mg. clean cube 
of galena can be lifted. Similarly, in Fig. 11, it is clear that only in the exceptional 
case (if there be any such) in which the oil-water interfacial tension is as great as that 
of the air-water interface, can we hope to get the full pulling power and elongation of 
the bubble. 

It is therefore incorrect to speak of the courts being misled “‘largely on the basis of 
an erroneous theory that the physical phenomena involved passed through a critical 
point...” They certainly do. 

Equally incorrect is the statement that the patent, ‘‘specified 1 per cent. by weight 
on the ore as its upper limit of operable oil quantity.”” The patent recommended ‘“‘a 
very small proportion of oleic acid (say from 0.02 per cent. to 0.5 per cent. on the 
weight of the ore).”’ Certain claims (9, 10, 11) were limited only to ‘‘a small quantity 
of oil” whereas others were more limited to ‘‘a fraction of one per cent.’? The court 
held the first group invalid because indefinite in the Hyde case (242 U. S. 261) and 
reaffirmed its limitation to ‘‘a fraction of one per cent.” in the Butte & Superior 
case (250 U. 8. 336), largely basing its decision on its previous finding. 

Again, it is incorrect to say that “‘it-was not until after many years of practice that 
the quantities of oil generally used got down to between 1 and 2 Ib. per ton of ore.”’ 
The patent speaks for itself. The original discovery was made with 0.1 per cent. (2 
Ib. per ton). All of the early licenses operated on quantities of this order. Some of 
those held to infringe if they used less than 1 per cent. and seeking to avoid the patent, 
wasted oil and sacrificed recoveries by using vastly more. It is significant that they 
settled for $5,000,000 rather than continue the lower recoveries caused by over 1 
per cent. of oil. 

The statement in the middle of page 286 may also be misleading, to wit, ‘‘On its 
face this patent was for use as the froth-producing agent in a particular type of froth 
flotation ; viz., the agitation-froth process, of certain classes of water-soluble organic com- 
pounds...” To the layman this means that the process was limited in its descrip- 
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tion and claims to the use of a particular form of apparatus as one of the essential 
elements of novelty. Such was not the case. The specification says ‘a gas is liber- 
ated in, generated in, or effectively introduced into the mixture;”’ i.e ., the pulp. Some 
of the claims read specifically to ‘‘agitating the mixture and beating air into it’’ whereas 
others read to “agitating” but are in no way limited to beating. Few of us would 
deny that one of the best known and oldest methods of agitating was by air blown in 
under a false bottom or into the central tube of a Pachuca tank. 

Again, in the next paragraph, occurs one of those unintentionally casual statements 
that are all too apt to cause an earnest student endless doubt and trouble; viz., ‘The 
patent corporation, however, succeeded in convincing the courts of the Third Circuit 
that this patent covered, in addition to the soluble organic compounds specifically 
listed or generically indicated, the water-soluble portions of the ‘oils’ of Patent 835120 
on the theory, good for patent litigation but of no weight scientifically, that while 
oils floated sulfide mineral because they coated them, these soluble mineral-frothing 
agents must act in some different way because, being in solution, they could not coat.” 
This might lead the student of the paper to believe that the soluble portion of the 
organic compounds did not independently exercise the function of regulating the 
surface tension at the air-water interface (stabilizing the bubbles and thereby aiding 
air emulsification and avoiding violent coalescence), while the insoluble portion simul- 
taneously exercised the independent function of increasing the ease of attaching the 
air bubbles to the mineral by coating the mineral surface and making it less rough and 
more water-repellent. Yet, as a matter of fact, throughout the paper the authors 
recognize both of these independent effects. This coating is repeatedly described as 
just what occurs and photographs are presented to illustrate it. 

Incidentally, the described method of preparing particles for photographing or for 
determining the so-called ‘‘collecting indices,’ leaves the operator with no remote 
idea of the actual amount of oil on mineral, or ratio of flotation agent used to mineral 
present. Such omission would seem to vitiate most of the conclusions based on such 
comparisons, whether made by contact angle or by distortion ratio or by collecting 
index. The value of the distortion ratio, both absolute and comparative, seems 
to depend first on the certainty with which all excess oil (insoluble portion) is removed, 
and secondly on the amount of oil (insoluble portion) remaining, and thirdly on the 
amount of frothing agent (soluble or insoluble present at the bubble surface) modifying 
the surface tension of the bubble. The results, page 332, show that even in pure water 
the distortion ratio varies from 2 times the contact angle (x 100) down to 2g the con- 
tact angle (X 100), a range of accuracy or error approximately 3 to 1, or 300 per cent. 
What excuse is there for averaging such wide variations and why valuate the change 
in distortion 100 times as much as the contact angle? The authors appear to assume 
that elongation measures lifting power. If this assumption is either practically correct 
or mathematically demonstrable, the proof is lacking. I prefer actually to weigh the 
pull of the bubble on the lifter (or on the particle). 

In my own work we separated the mineral actually floated with known quantities 
of agents in the operation, determined the amounts of agents left in the treatment 
water, and the amounts left on the mineral, and tested and photographed the mineral 
while immersed in a clear portion of the treatment water. Thus we obtained photo- 
graphs (at from 500 to 900 dia.) of the oil distributed on the surface of floated mineral 
known to carry 1.8 lb. per ton. In this way we were not left to guess how much we 
chanced to pick up by wiggling the particles held between tweezers for an arbitrary 
time of 5 min., in an emulsion of unknown stability and unknown degree of dispersion ; 
or guess again how much had been redissolved in the fresh water used for examination 
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At the top of page 290 occurs a statement which is misleading in rather important 
particulars. It reads: “In the trial of Minerals Separation, Ltd. vs. Miami Copper Co., 
W. M. Grosvenor performed an experiment in which bubbles, held captive in the 
bulb of a small thistle tube inverted under water, were used in attempts to pick up 
small mineral particles.” It is highly important to the understanding of flotation 
phenomena by the student or engineer in the field that the experiments were not 
“attempts to pick up small particles of mineral” and were not confined to “bubbles 
held captive” in a bubble holder. The numerous particles that were shown to be 
actually lifted, whenever they were clean, were 0.88-mm. galena cubes weighing 5 mg. 
up to 1.75-mm. galena cubes weighing 40 mg., and aluminum punchings 54» in. dia, 
and from 0.014 in. thick weighing 42 mg. up to 0.085 thick weighing 255 mg. The 
latter were used for more exact measurement of lifting power. Also, there was an 
aluminum disk about the size of a 25-cent piece lifted on a large bubble. It was shown 
that, while observably oiled, all but the lightest of these particles could not be lifted 
by air bubbles. Furthermore, that if picked up while clean, all but the lighter ones 
dropped off when about 1 per cent. of their weight of oil was applied to the side of the 
air bubble. Finally, the progressive removal of oil from an overoiled galena particle 
by successive free-moving air bubbles was shown. The 20-mg. particle would not lift 
up at all on the bubbles at rfist because the oil connection necked-off. Later, as the 
oil grew less and less, and became invisible, the particle became highly active, and 
finally clung to the bubbles and rode up to the surface again and again. These are 
scientifically and technically important facts which the paper by Taggart, Taylor and 
Ince fails to present in their proper relation to flotation phenomena. 

Again I wish to congratulate the authors on their work, In fairness to them, it 
should be remembered that these comments do not generally involve criticism of them 
or their work. Most of the facts were first presented more than 10 years ago, and 
were merely a matter of court record, unpublished in the journals and easily overlooked. 
They are, however, matters of moving picture record which it would be a pleasure to 
present before the Institute if opportunity should arise. 


E. A. Hersam, Berkeley, Calif.—In this matter of adsorption and the consumption 
of collecting agent or modifying agent, we all need to be appreciative of the almost 
infinitesimal quantity of anything necessary to be serviceable as an adsorbing agent. 
There is a vast difference between dealing with layers or coatings that are visible 
under the microscope, or that are perceptible, and coatings that are necessarily only 
one molecule deep to present a modified exterior of sulfide particles. So much is that 
true that it is better for us in the abstract to treat of adsorption as a theoretical poten- 
tiality rather than a measurable attainable value. We are dealing with a word that 
is a magic word in accounting for some of these phenomena, but in quantities we want 
to hold that down to molecular proportions. 

The difference between the size of a molecule and the size of a dust particle that 
is as small as any dust particle that we can conceive of is an incredibly wide difference, 
a span between the size of a balloon and the size of a grain of wheat, and the small 
quantity of material necessary for providing a modified molecular surface on a sulfide 
particle is something almost out of our grasp. If there is consumption of chemical 
agent or of conditioning agent or of collecting agent, we have to look to some other 
place of escape and utilization than merely as a serviceable function on the surface of 
the sulfide or mineral particle itself. We must keep that difference between the size of 
a molecule and the size of a dust particle well in our minds when we deal with 
these questions. 


A. F. Tacaarr.—Mr. Anderson was right in his assumption that’ on the heavily 
coated thiocresylate particles we were unable to get an indication of floatability by the 
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bubble machine. On the other hand, we have worked with cerussite in flotation 
machines, treated with thiocresylate, and there is distinct concentration. This is con- 
firmed by the flotation of lead carbonate at Chief Consolidated, which has been 
recently described, using xanthate instead of thiocresylate. 

The explanation is, of course, that when a thiocresylate coating is heavy enough 
to be seen with the naked eye, all orientation is lost and you do not get the water- 
turning effect of the hydrocarbon that you do when there is a substantially mono- 
molecular film of lead thiocresylate with the sulfur end of the thiocresol molecule 
against the cerussite particle and the hydrocarbon end sticking out. Ina flotation cell 
flotation takes place as soon as the first reaction layer is completed. 

It is of interest to note in this connection that the high consumption of the sulf- 
hydro type collectors that occurs when they are used to float oxidized ores may be 
decreased by first sulfidizing and then permitting slight oxidation of the sulfidized 
surface, as by agitation in air-saturated water. 

I noted one inaccuracy in the reading of Mr. Head’s discussion, I think, where 
he said that pouring off slime water gave a pulp in which the soluble salts were con- 
centrated. It may be that that was a mistake in the writing. But, of course, 
when you put salts into water and shake them up and dissolve them it does not make 
much difference what part of the water you pour off, the concentration of the dissolved 
salt is the same in the part poured off as in that left behind. There is some con- 
fusion there. 

Professor Gaudin raised the question of analysis. We used a modification of 
the iodine method. Professor Gaudin says that is accurate to 1 part in 100,000. 
Our work goes well beyond this. With solutions of potassium ethyl xanthate contain- 
ing about 15 mg. per liter of water, duplicate analyses accord to within 1.5 to 2 per 
cent. of the xanthate present, which is to say, to 1 part in better than 3,000,000. 
We were determining extremely minute amounts of material abstracted from very dilute 
solutions. We often started with solutions that contained not more than one part 
of reagent in 100,000 parts of water, and we had to determine percentages of abstrac- 
tion from such solutions with some degree of accuracy, so instead of using starch as an 
indicator, we used the layer method with benzol. 

I was much interested in Professor Gaudin’s criticism of the bubble machine as a 
test of floatability, and rather surprised at his conclusion that it was not as accurate 
as the miniature cell test that he has done so much work with. Since I have had his 
discussion I have worked over two or three papers that he has published directly from 
the University of Utah during the last year. Although the details of the investigation 
are not of any particular interest, they lead to the conclusion that when Professor 
Gaudin used the same concentrations that we did, and the same agent, he got the same 
comparative results. That fact isnot apparent on the surface of his results, on account 
of contradictions, but appears when the nonconcordant elements of his work are 
properly weighted. 

I did not get the drift of the reference to Mr. Krebs. Of course, there is nothing 
particularly new in the idea of double decomposition chemical reaction as the explana- 
tion of the action of these reagents on sulfide minerals. One of the authors of this 
paper gave that material in court room trial something over a year ago and at a lecture 
at the Institute in April, 1928. The lecture was published in June, 1928, in the Flota- 
tion Practice volume. 

With respect to the statement that the concentrations, or, at least, the ratios of the 
weights of reagent to sulfide surface exposed are different in the bubble machine from 
what they are in the flotation cell and are, therefore, to be used with care: Some years 
ago, when it first occurred to us that there ought to be some relation between the 
amount of reagent used and the amount of mineral floated, we made parallel tests 
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between copper ores containing about 1 per cent. mineral and zine ores containing 
about 15 per cent. mineral. With the same grinding, there was 15 times as much sur- 
face in one case as in the other. About the same minimum amount of reagent was 
required to produce a given amount of flotation in each case. This was confirmed by 
mill results. In other words, there is not any direct relation between the amount 
of collecting agent that is necessary to get effective flotation and the amount of mineral 
in the flotation machine. It would seem to be rather a question of solution strength. 

The material in Dr. Grosvenor’s discussion has been briefed so many times in the 
various cases to which he refers that to reopen the discussion here by picking up the 
accustomed cudgels against him would be a waste of time. As he infers, anyone 
sufficiently interested can find it all buried in the records of now closed cases. So 
much for matters of opinion. 

As to facts, however: Fig. 50 is incorrect, as observation of the phenomenon will 
show. Furthermore, the particle would wet completely and not float, if it were not 
contaminated with oil or some other organic compound equivalent to oil in so far as 
collection is concerned. 

It is interesting to note that since Dr. Grosvenor’s discussion was written the U.S. 
Supreme Court has reversed the finding of the Third Circuit Court of Appeals that 
there was new matter over Patent 835120 in Patent 962678, and commented on the 
character of proof urged by the patent corporation in the following trenchant words: 

‘“‘It is said that the oil does it [floats the mineral] by coating the metal particles 
and that of course a substance in solution could not do that. There is no ‘of course’ 
as to what nature can do except as proved by observation and experiment.”’ (Brack- 
eted material added.) 

Dr. Grosvenor’s troubles with our bubble-machine tests would be in part resolved 
by reading the description printed in the paper. That would answer his rhetorical 
question at least. The basis for our belief that it is the ratio of collector to liquid 
that is important rather than the ratio of collector to mineral surface has already 
been discussed, 
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(San Francisco Meeting, October, 1929) 


FLotTaTIon is now commonly practiced in alkaline ore pulps, yet 
little is known regarding the action of the alkaline solutions on the ore 
particles beyond the fact that films of oxidized material form. We wish 
to chronicle our discovery of the presence of soluble reducing agents in 
alkaline ore pulps of the United Verde, and present some data on 
lime consumption. 

During the grinding and flotation of a pyritic ore containing small 
amounts of ferrous sulfate and other soluble salts, an excess of lime was 
added to precipitate the salts, and filtered samples of the solution were 
titrated with standard permanganate solution. Even in pulps of high 
causticity an appreciable permanganate titration was always obtained, 
in spite of the fact that the solutions were shown to contain little 
iron. Investigation of the cause brought about the discovery of several 
previously unsuspected compounds in flotation pulps made from pyritic 
ore. Not only the reducing agents present had to be identified, but also 
the amount of dissolved oxygen, and a survey was finally made of the 
free oxygen content and reducing agents of the mill pulp in the concen- 
trating mill at Clarkdale. 

A great many compounds might form, caused by oxidation of pyrite 
or other metal sulfides or by reaction between a lime solution and pyrite. 
The most probable compounds considered were calcium sulfides, polysul- 
fides, thiosulfates, and polythionates. Later it was discovered in the 
literature that in alkaline pulp polythionates do not exist and if introduced 
are decomposed into sulfites and thiosulfates.' Any precipitated sulfur 
is changed by alkali into thiosulfate and polysulfide. Sulfites and 
sulfides react to form thiosulfate, so that in the end it is possible to have 
in an alkaline solution only thiosulfate and an excess either of sulfide or 
sulfite. Confirmatory tests were made and it was finally established 
that the alkaline mill pulps made from the United Verde ore contained 
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in solution calcium thiosulfate, calcium vanilla? an¢ 
sulfur. Dithionates can also exist in alkaline solution, 
dithionates failed to reveal their presence. ; 

The methods of analysis by which these rane Cte could 
determined were then developed. The solution was titrated for caustic 
ity, using phenolphthalein indicator, with a standard hydrochloric a 
solution, and colorimetric estimation of hydrogen-ion concentration was 
also made. Samples were treated with a very dilute solution of sulfuric — 
acid to absence of pink color of phenolphthalein indicator, corresponding h 
to pH = 8.5 and were titrated with standard iodine solution. A slightly — . 
acidified sample was titrated with standard permanganate. The — 
permanganate oxidized both the thiosulfate and sulfide in solution, 
whereas the iodine oxidized almost exclusively the thiosulfate and was 
taken as the measure of thiosulfate present. The difference in the two — 
titrations was therefore a measure of the sulfide content of the solution. 
Because of the known variability of the end products of oxidation, 
depending among other factors on the concentration of the solutions used, 
all titrations were carried out under carefully controlled standardized 
conditions and were calibrated empirically against solutions containing 
known thiosulfate or sulfide content. The xanthate content of the 
pulps was negligible in its total reducing effect. 

Further investigation showed that on aeration of these solutions 
such as occurs during flotation, an increasing amount of sulfate sulfur 
accumulated through oxidation of the other soluble forms of sulfur 
present. Therefore, total sulfur was always determined in addition 
to thiosulfate and sulfide sulfur. Free colloidal sulfur was determined 
occasionally by shaking with carbon bisulfide repeatedly and finally 
evaporating the carbon bisulfide to leave the dissolved sulfur. This ay 
was checked against a blank test in which pure water and carbon bisulfide j 
were used. Colloidal sulfur was found to be a minor constituent of the 1 
pulps and was usually ignored. “4 

The discovery of the fact that part of the reducing sulfurcompounds  —_ 
were being oxidized by air rendered necessary the determination of | 
dissolved oxygen content and the rate at which the reducing sulfur ‘4 
compounds were forming in a pulp and being oxidized to sulfates. The 
Weinig and Bowen method of determining dissolved oxygen in cyanide 
solutions? was investigated and found to be adaptable to our conditions. 
Briefly, it consists in adding a known excess of indigotin disulfonate to 
the solution to be titrated for dissolved oxygen, and then titrating back 
with sodium hydrosulfite solution in absence of air. The end-point 
is the disappearance of the indigo color. Results were expressed in 
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2A. J. Weinig and M. W. Bowen: Determination of Dissolved Oxygen in Cyanide 
Solutions. Trans. A. I. M. E. (1925) 71, 1018. 
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ibne on Sept. 14, 1998, the ules of which are Maicnteaa in Tig ti 
- Sample A was some of dite ingoing mill water, consisting in part of 
. return water recovered from the tailing thickeners and in part of fresh 
water. The other samples of pulp are described in connection with | 
_ Fig. 1. As the samples, when taken, consisted of pulp, they had to be 
allowed to settle a short time before a clear solution could be siphoned 


off. Vacuum filtering was avoided so that dissolved oxygen would not 
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Fig. 1—ConcENTRATOR SOLUTIONS AS OF SEPT. 14, 1928. 


A = mill water E = flotation feed 

B = ball-mill discharge F = flotation tails 

C = classifier feed G = tailing thickener overflow 
D = classifier overflow 


be boiled off by the vacuum. Also, exclusion of air from the sample had 
to be specially provided by collecting pulp into bottles filled completely 
to the stopper, and the clarified sample had to be titrated immediately 
under a cover of kerosene. Of course, time was consumed in settling 
before the samples of clear solutions could be withdrawn and therefore a 
certain amount of reaction took place between suspended minerals, 
dissolved oxygen and dissolved reducing agents. The data, therefore, 
have more relative than absolute value, but serve to give a picture of 
changes in the amount of dissolved oxygen and also calcium thiosulfate 
and calcium sulfide present in a mill pulp at various points in the flotation 
mill. In Fig. 1 the reducing power of 100 c.c. of solution is expressed 
in terms c.c. 0.0896 N KMn0O, solution. 
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was 50 per cent. annie aie oxygen and 
of calcium sulfide. In passage through the ball mill, 
amount of the dissolved oxygen was used up and the pulp was 0 y 
per cent. saturated. Some thiosulfate was formed at this point and 
considerable amount of sulfite was present in the ball mill discharge. 
By the time this pulp had been mixed with more water and entered the 
classifier most of the oxygen had been used up, in spite of the fact that 
the extra water, added for classification purposes, contained cmsideniia 7 
oxygen. Pividenvie the relatively quiet conditions in the ‘classifier pa 
allowed the reducing agents in the solution and the pyrite suspended — 
in it to use most of the oxygen, as the water was only 12 per cent. satu- 
rated while passing through the classifier, and had dropped to 10 per 
cent. oxygen saturation by the time it reached the flotation machines. 
There was a current of air through the ball mills, which accounts for the 
fact that the pulp issuing from the mills contained more oxygen than ~ 
the pulp in the classifier, as the intense churning and beating action 
in the mills favored oxygen absorption. 

In passing through the flotation machine, measured oxygen content 
of the water in the pulp increased to 43 per cent., but it is probable that 
the pulp at any moment in a flotation machine was actually saturated 
with oxygen. The time interval involved in sampling and separation 
of a clarified sample of water was about 15 min., and during that period 
much of the oxygen was used up, so that our figure of 43 per cent. satu- 
ration shows the serious difficulties in sampling. Some method of 
centrifuging the pulp sample to allow earlier removal of clarified solution 
for titration would have been better but was not at hand. Finally, 
the clarified water, overflowing from the tailing thickener, was 68 per 
cent. saturated with oxygen, although it will be noticed that it also 
contained dissolved calcium thiosulfate and calcium sulfide, and by the 
time this thickener overflow water was returned to the mill circuit, 
part of the oxygen, all of the thiosulfate and most of the sulfide had 
disappeared by interaction on one another. 

The curves showing the iodine titration (calcium thiosulfate content) 
and the permanganate titration (thiosulfate plus sulfide content) show 
a gradual increase in the thiosulfate and sulfide content of the mill water 
as it progressed through the ball mill and through the flotation machines. 
The drop in sulfide and thiosulfate content of the water in the classifier 
feed, on calculation, was found to be entirely due to dilution with the 
water added to the classifier. 

Anyone interested in the absolute amounts of reducing agents involved 
in Fig. 1 can derive them by using the following factors: 1 ¢.c. of the 
permanganate solution was equivalent to 32.2 mg. CaS per liter, or to 
140 mg. CaS.0; per liter. Thus at point F in Fig. 1 (flotation tailing), 
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a ae —0 0.795) 3 32.2-33 mg. CaS per liter. 


This formed a picture of the general changes in the flotation pulp 
as it progressed through the mill. Oxygen from the air is being absorbed 
by the water of the pulp throughout the process. Although the flotation 


machines are the strongest aerators, the ball mill causes a certain amount 


of aeration and the classifier is relatively so quiet that not much oxygen 
absorption takes place. Reaction is continuously taking place between 
the dissolved oxygen and the dissolved reducing agents and, probably 
also, between the dissolved oxygen and the suspended mineral sulfides. 
Throughout the process, soluble reducing agents consisting mainly of 
calcium sulfide and thiosulfate are forming, and then being destroyed 
by the dissolved oxygen in the pulp. 

The question arose as to whether there would be any action of the 
solution on the sulfide minerals if there were no oxygen present, therefore 
tests were run in a small-batch ball mill, which was tightly closed and 
with air excluded. After grinding the pulp was diluted with specially 
boiled and evacuated water containing no dissolved oxygen, this dilution 
being necessary because during grinding only sufficient water was present 
to make a thick pulp and the latter did not permit easy sampling of the 


- solution. By this method it was found that whenever a pyritic ore is 


ground in a lime solution of the concentrations commonly used in flota- 


tion, there is interaction between the mineral sulfides and the lime 


solution, with formation of calcium sulfide and a certain amount of 
calcium thiosulfate. Reference to the voluminous literature of lime- 
sulfur spray solutions, commonly used by the agricultural industry, 
will show that the formation of thiosulfate invariably accompanies the 
formation of calcium polysulfides. 

The exact mechanism of the reaction between a solution of calcium 
hydroxide and the surface of a mineral like pyrite is not known to us; it 
was not investigated. The presence of colloidal sulfur suggests that 
the pyrite has probably reacted with calcium hydroxide solution to form 
calcium sulfide, calcium polysulfide, calcium thiosulfate, and the iron 
may have been converted to ferrous hydroxide. A perfectly clear filtered 
solution always contained amounts of iron of the same order of magnitude 
as the published figures on solubility of ferrous hydroxide, but this 
magnitude is so low that the coincidence is not put forward as evidence. 

To the flotation man the fact that the surfaces of a sulfide mineral 
are attacked even by oxygen-free solutions of lime is of prime importance, 
and will better enable him to understand some of the things that go on 
during so-called conditioning of pulp before submitting it to flotation. 

If pyrite surfaces are freshly cleaned by acid it is known that pyrite 
will be found above galena in the floatability series, but the actual 
condition of pyrite in the usual alkaline flotation pulp is one of consid- 
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erably depressed floatability as compa t 
and sphalerite. Comparison of ground pyrite ' 
and ground sphalerite, all of the same yolatives fineness, 
much greater amount of reducing agents formed in the ¢ 
This explains the ease of floating chalcopyrite away from f 
slightly alkaline pulps. It also makes us suspect that the low floa: 
of normal sphalerite is due not so much to surface corrosion of the n 
particles and filming by the products of corrosion as it is to poor floatabil- 
ity of sphalerite itself. Under alkaline conditions, sphalerite usually : 
60 must be activated with a thin film — 
of copper sulfide, formed by inter- | 
action with copper salts. > ad 
Following up the data which 
are plotted in Fig. 1, with more 
precise determinations, it was 
decided to carry-out a prolonged 
aeration of a sample of finely 
ground pyrite suspended in lime 
solution. In order to maintain a 
high oxygen concentration, pure 
oxygen from a cylinder of the 
10 ee commercial product was bubbled = 
CN A CoS203 eg through the pulp. As before,the 
Ecas = —=+ sh following determinations were : 
Time, hours made on samples, noting periodi- 
Fic. 2.—RESULT OF PROLONGED AERATION cally the causticity, hydrogen- rh 
OF FINE PYRITE IN LIME SOLUTION. ion concentration, permanganate 
titration, iodine titration and total sulfur (by oxidation with bromine 
followed with precipitation of sulfates by barium chloride). From these 
data were derived the amounts in solution of the following compounds: 
calcium oxide, calcium sulfide, calcium thiosulfate, and sulfate sulfur. 
All of these data are plotted in Fig. 2 and are expressed as millimoles or 
milliatoms of the various constituents present in 1000 ce. solution up to a 
period of 44 hr. Samples were taken every hour in the beginning and ; 
every two to three hours at the latter half of the test. 
The first important thing to be noticed is that the causticity or 
calcium hydrate content of the solution fell off rapidly at the beginning 
and more slowly later, until it vanished after 20 hr. oxygenation. The 
hydrogen-ion concentration (not plotted) simultaneously fell off slowly 
at first and then rapidly toward the neutral point, although the indicated 
pH when the causticity titration became zero was still 8. The colori- 
metric pH did not fall to a value of 7 until after 36 hr. of oxygenation 
and our only comment is that there must have been a certain buffering 
action during this stage. The indicator used for the causticity titration 
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was phenolphthalein, which, as is well known, has its most marked color 
- change at a pH of about 8.4. 


“One of the next most important things to be observed in Fig. 2 is 


z the fact that the calcium sulfide content in the solution reached a 
maximum simultaneously with the disappearance of causticity, and 


thereafter gradually fell off to nothing. Evidently, the presence of 
calcium hydroxide is necessary for the formation of soluble sulfides, 
and when all of the lime is used up the amounts of sulfides will decrease 
on account of interaction with dissolved oxygen. 

Strangely enough, the calcium thiosulfate content of the solution 
passed through a maximum after about 15 hr. oxygenation, and was 
falling off when the final causticity disappeared (20 hr.), although it 
required 44 hr. for complete oxygenation of the calcium thiosulfate in. 
the pulp. Possibly calcium thiosulfate is more sensitive toward oxidizing 
influences, under the conditions of our experiments, and requires a 
higher protective alkalinity. Thiosulfates are known to be unstable 
in acid solutions. The relative amount of thiosulfate and sulfide at the 
beginning of the experiment is quite interesting, as no measurable 
calcium sulfide was found until after about 4 hr. oxygenation. Evidently, 
under the intense oxidizing conditions of our experiment most of the 
products of reaction between lime water and pyrite are immediately 
oxidized, at least as far as calcium thiosulfate. It will be recalled that 
during the days of operation of the LeBlane soda process the waste 
dumps of calcium sulfide gradually oxidized in the air so that liquors 
draining off them contained calcium thiosulfate. 

A further point of interest in Fig. 2 is the fact that the sulfate sulfur 
in the pulp rapidly increased and the slope of the curve representing it 
also increased. Four millimoles of SO. were present in the original pulp, 
probably as a result of air oxidation of the pyrite before the tests were 
started. Additional SO, presumably originated largely from action of 
dissolved oxygen on dissolved reducing agents, and also from action of 
the dissolved oxygen on the surface of the pyrite. It is merely a coin- 
cidence that at the point where the last causticity of the pulp disappeared 
the amount of SO, present approached the solubility of calcium sulfate. 
For all time intervals above 21 hr. the sulfate sulfur must therefore have 
been present in the solution as sulfuric acid, ferrous sulfate, or calcium 
sulfate in a condition of supersaturation. Regarding the last, insufficient 
lime was used in the original pulp to satisfy so much sulfate sulfur, and 
while a certain amount of evaporation took place, thereby increasing 
the concentration of the dissolved materials, there was not sufficient 
lime to account for the great quantity of sulfate formed. This may be 
taken as reasonably good evidence that the dissolved oxygen in the pulp 
is attacking pyrite surfaces directly, as well as being used up by the 
soluble reducing agents in the pulp. We also conclude that the principal 
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As the curves in Fig. 2 showed that soluble sulfides and thiosulfate 5 
tended to form in a pulp and later tended to be oxidized to sulfates, it 
was felt necessary to check this observation, therefore solutions sof 
ea calcium sulfide and calcium thiosulfate were prepared and treated ina — 
. similar manner by bubbling air and oxygen through them. Thefollowing 
a9 results were obtained: \. 

1. Pure solutions of calcium thiosulfate remained sbickadiged through 
aeration. When made alkaline with lime, they also remained unchanged, 
. but when they were acidified they decomposed. 
2. Pure solutions of calcium sulfide, containing a certain amount of 
calcium thiosulfate as unavoidable impurity, can be oxidized by aeration - 
. until nothing but calcium thiosulfate remains. During the first hour 
of aeration there seemed to be a slight drop in the thiosulfate content, 
but this was thought to be due to analytical errors and was not checked. 

3. Additions of solutions of ferrous sulfate, ferric sulfate or copper 
sulfate to the neutral calcium sulfide solutions or thiosulfate solutions 
caused immediate consumption of some of the reducing agents, as 
should be expected. The loss in alkaline solutions is less than in 
neutral solutions. 

4. Addition of finely ground particles of United Verde pyrite ae 
previous washing caused either neutral or basic solutions of calcium ry 
thiosulfate to suffer an immediate increase in their reducing power. A 
slightly higher increase was produced in basic than in neutral solutions. 

On oxygenation in the presence of the particles of pyrite the neutral 
solutions showed a drop in both thiosulfate and sulfide content until after 
9 hr. only thiosulfate was left, and with continued aeration the thiosulfate 
content also fell off on account of oxidation. In the basic solutions 
the same phenomena as those recorded in Fig. 2 took place (increase of 
reducing agents until the base was consumed and then a decrease). ? 

5. Powdered chalcopyrite or sphalerite did not cause increase in 
reducing power of any of the solutions, but during aeration the reducing 
agents were oxidized. It may be concluded, therefore, that most of the 
generation of soluble sulfides and thiosulfates in the pulps examined was 
due to the presence of pyrite and also the loss in thiosulfate content 
during oxygenation of a neutral pulp was due to presence of pyrite. 

6. The oxidation of thiosulfates in the presence of pyrite is probably 
due to interaction with acid resulting from oxidation of the pyrite as 
thiosulfate solutions are known to be unstable when acidified. An 
alternative explanation might be that a suspension of pyrite in a thio- 


sulfate ablations suffers induced oxidation ahs to the induction pair, 
F Sient copper-sulfurous acid solution. By this is meant that moist 
cement copper alone oxidizes slowly and sulfurous acid solutions alone 
_ oxidize slowly, but when in contact with each other they are both rapidly 
oxidized by air. Pairs of reducing agents suffering induced oxidation 
“i by air are frequent, though not well known in chemistry. The hypothe- 
sis of induced oxidation of thiosulfates in the presence of pyrite was not 
_ tested out, for the reason that no practical value could be seen in the 
possible results. 


Effect of Caletum Thiosulfate and Calcium Sulfide on Flotation 


It was at first expected that newly discovered reducing agents could 
be shown to have an effect on the flotation of the ore in which they 
formed. Blank tests, grinding some of the United Verde heavy sulfide 
ore without any lime, followed by adding lime, calcium thiosulfate and 
4 calcium sulfide, in controlled proportions immediately preceding flotation, 
showed that in the amounts measured the reducing agents add practically 
: no effect, good or bad. We therefore conclude that these intermediate 
- _ oxidation products of pyrite, which pass into the solution, are not the 
important results of conditioning but that the oxidized films of solid 
material, such as ferric hydroxide, are the important modifications 
produced on pyrite by the limewater and air. The reducing agents are 
merely results of interesting side reactions. 


Consumption of Lime by a Sulfide Ore Pulp’ 


From this work on oxygenation of pyrite suspensions, it can be seen 
that aeration causes decrease in alkalinity of lime solutions. We have 
been able to segregate several causes of the consumption of lime, which 
are outlined herewith: 

1. Reaction with metal sulfates or sulfuric acid caused by air oxidation 
of the ore before it. is made into a pulp with limewater. 

2. Reaction of lime with constituents of water. The local water is 
hard and to soften it with lime requires 0.36 lb. of CaO for each ton of 
water used; therefore, in making up a flotation pulp with 5 tons of water 
to 1 ton of ore a consumption of lime of 1.80 lb. is caused by the 
water itself. 

3. During aeration some lime is consumed by CO, in the air blown 
into the pulp. 

4. During aeration of a pulp, calcium sulfide, if present, is oxidized 
and as its reaction is alkaline there is an apparent loss in causticity. 

5. During aeration of a pyritic pulp, dissolved oxygen acts on surfaces 
of pyrite and other sulfides to form metal sulfates and sulfuric acid, 
which react with lime. 
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Experiments datailed sbselaw show that b 


- gangue particles. 


gangue in the United Verde ore consume lime. } 
made to work out the exact mechanism of this ¢ 
reasonable to assume a certain amount of direct. formatio 
silicate, also a certain adsorption of lime on the surfa 


- Some experiments were carried out on consumption of dition 
grinding, and dilution of United Verde pyrite, chalcopyrite and sev 
mixtures of them with quartz and schist rock. In each case a charg 
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Fie. 3.—LIME CONSUMPTION WHILE GRINDING CERTAIN ORES AND MIXTURES. 


mineral suitable for a flotation test in a laboratory batch machine was 
mixed with an equal weight of water and ground in a closed rod mill for 
sufficient time to give a pulp in which about 14 per cent. was caught on a : 
200-mesh screen, although the actual amount varied somewhat from 
this figure in different tests. After the grinding the pulp was diluted 
until it contained 5 tons of water to 1 ton of mineral and the causticity 
of the resultant pulp was immediately determined and compared with 
the amount of lime introduced during grind. Fig. 3 shows the results. 
The variables in Fig. 3 are the amounts of lime introduced into the 
original pulp plotted as the abscissas and amounts of lime remaining in 
the final pulp as ordinates. The data can be well represented by straight 
lines for each mineral involved, and they have been extrapolated to the 
horizontal axis. The intercepts with the horizontal axis correspond to the 
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tion a ae maicdinble canstiGity will be present. ae the idae 


erals i in peer these intercepts were: 


These values, as mentioned, are composites made up of lime consumed 
by the water, by the oxidation products on the surface of the minerals 


_ and by direct action with the clean minerals. As already pointed out, 


1.8 lb. of lime was probably consumed by the water used in making up 


. the pulp but the other factors are not completely determined. 


The slopes of the curves in Fig. 3 are of even greater interest, in that — 
from them are deducible the amounts of lime consumed at increasing 
causticities. For instance, in the curve for chalcopyrite, when 12 Ib. of 
lime was applied to 1 ton of the mineral, suspended in 1 ton of water, 
ground from initial 6-mesh size until 86 per cent. passed 200 mesh and 
then diluted with 4 tons of water, the final pulp contained 5.8 lb. of lime. 
From the intercept, it is known that 4.3 lb. of lime must be used before a 
measurable causticity is reached, and this subtracted from 12 leaves 


7.7 |b. excess lime applied to the ore, of which 5.8 Ib. remained in the 


end—or another 1.9 lb. of CaO was used up. In other words, for every 
pound of excess lime added to the pulp, 0.247 Ib. of lime will be consumed 
during the grinding of chalcopyrite. This should be a fairly good measure 
of the rate of the consumption of lime on a pure chalcopyrite surface in a 
closed mill without disturbing influences. The values are as follows 
for the four important minerals in the United Verde ore: 


CaO ConsuMED PER PounD 


MINERAL Excess CaO Appuiep, Lp. 
Re aC OM te teen ie ace e cr Cina gedie ealyciaiag egy clay as ates 0.247 
TENDBHIS). 2 5, core cae ERR ee ee Oe eens Seo ein 0.50 
CORISETR EA econ: cua MR AUER Se ate Re carte Cen monte Citrine ruber ar ae 0.257 
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If it were possible to measure the total clean surface of each of these 
minerals in the ground pulp, the consumption of lime per unit of surface 
per unit of time would be immediately derivable, but this is not possible 
because data are insufficient. Five minutes was allowed for the grinding 
of chalcopyrite, 6 min. for pyrite and 7 min. for both quartz and schist. 

The consumption of lime on the quartz, schist and chalcopyrite is 
of the same order of magnitude, and the suggestion immediately might 
be made that lime disappears mainly by absorption and very little by 
chemical action. With pyrite, we already know that at least a portion 
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was determined and compared with the causticity after flotation. 
4 shows the results. cs 


Drop in Causticity during Flotation 
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Fig. 4.—LIME CONSUMPTION DURING FLOTATION. 


The original causticity titrations are plotted against the drop in 


causticity during the flotation for four different synthetic mixtures. 


In each case a flotation period lasted 7 min., and the pulp contained 5 
tons water to 1 ton solids. The data in Fig. 4 can be converted to 
pounds per ton of lime to solids by dividing each datum by 2. They 
also can be converted to pounds of lime per ton of water by dividing 
each datum by 10. The main portions of the curves can be represented 
by a straight line, showing that with increasing original causticity an 
increasing amount of lime is consumed. The amount of air blown 
through the pulp during the 7 min. is not known, therefore the consump- 
tion of lime by CO, in the air cannot be calculated. The curves have 
approximately the same slope, so that we can say in general that for 
every increase of 1 lb. of lime in the pulp, 0.38 Ib. is used up during the 
flotation by reaction with CO, in the air, and with constituents already 


schist, the causticity of the Facial Sip entering the flotation wit nine 


Flotation after Grinding in Oxygen 


; To test the effect of excessive oxidation during wet grinding, a small 
_ laboratory rod mill was fitted with closed ends and grinding was con- 
_ ducted in presence of pure oxygen gas, under pressure of 25 Ib. per sq. in. 
The resultant pulps were treated by flotation (roughing test only) in 
comparison with pulps prepared in the same mill without oxygen. 
_ Lime in varying proportions was used during the grinding and curves af 
_ extraction were compared as functions of lime used. The ore contained 
chalcopyrite, marmatite and pyrite in a schistose gangue. 

The curve for grinding in presence of oxygen showed a better copper 
extraction in the roughing tests in all cases. The difference was greater 

_ the higher the amount of lime used, excessive lime seeming to depress 
flotation of chalcopyrite when ground without access of oxygen but hardly 
any depression being noted when oxygen was present. The same was 
true for marmatite extraction. Pyrite rejection on the pulps ground 
with oxygen present was comparatively low when small amounts of lime 
were used but with higher amounts of lime the pyrite rejection exceeded 

that possible when grinding with oxygen absent. 

Evidently, on this ore it is of benefit to have oxygen present in the 
ball mills. While it is easy to understand why better pyrite rejection 
was obtained, due to corrosion of the pyrite surfaces, it is not so easy to 

4 understand why better extractions were obtained of the chalcopyrite 
3 and marmatite, and further work needs to be done. These data are 
4 presented at this time to show that the interaction of sulfide minerals, 
oxygen, lime and soluble reducing agents formed in the solution is of 
g importance in the flotation behavior of the pulp. This division of the 
subject is worthy of an extensive paper, but its discussion will not be 
b, attempted here. 


; Conditioning in Thick and Thin Pulps 


Another series of tests: was carried out with identical closed-mill 
erinding conditions, oxygen excluded, but the oxidation was carried on 
subsequent to grinding by transferring the pulp to a flotation test 
machine, then adding identical amounts of lime to the pulp and agitating 
for increasing periods of time. In one series of tests the pulp was trans- 
ferred from the grinding mill with little or no dilution and in the other 
series of tests the pulp was diluted immediately to the degree satisfactory 
for flotation. We therefore conditioned the minerals in one case in a 
thick pulp and in the other in pulp of normal dilution. After condition- 


_ sulfide minerals. 
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ing, the thick Pilpel were diluted to ‘the sal 
and subjected to flotation. TERS 

The effect which we wished to sant was that a adet 
of relatively high lime concentration as compared to one where 
quantity of lime was applied to the mineral surfaces in a mu mor 
dilute condition. Pyrite rejection in the thin pulp rose in 20 min. to c 
stant amount of 71 per cent., whereas after conditioning in the thick 
pyrite rejection rose in 10 ris to a constant amount of 76 per cent. 
There is, therefore, a definite benefit from conditioning in more concen- 
- trated lime solutions. Marmatite extraction in the thin pulps rose toa 
maximum of 75 per cent. after 25 min. conditioning, whereas in the thick _ 
pulp it rose to over 80 per cent. in the same time. Chalcopyrite extrac-_ 
tion was constant at 94 per cent. in both series. iy > 

We conclude that where alteration of the surfaces of mineral particles 5. 
by action of dissolved chemicals is a prerequisite to good flotation, it will 
pay to condition in as thick a pulp as possible in order to use the higher pv 
possible concentration the conditioning reagent. 


Conclusions 


1. A study of pyritic flotation pulps made alkaline with lime has 
shown that in the presence of air oxygen is always dissolved in amounts 
depending on the amount of aeration; also, reducing agents identified 
as soluble sulfides and thiosulfates, with minor amounts of colloidal 
sulfur, are present as a result. of action of lime and air on powdered 


2. The dissolved oxygen and soluble sulfides react on each other with 
production of thiosulfate and sulfate. 

3. The dissolved oxygen and thiosulfate interact in presence of 
powdered pyrite; at least thiosulfate disappears during oxygenation in 
the presence of pyrite, with formation of sulfate. 

4. Causticity of such pulps drops during oxygenation and the maxi- 
mum amounts of soluble reducing agents form as the causticity 
approaches zero, after which they also rapidly disappear and the only : 
product of action of the oxygen on the ore pulp is sulfates, mainly | 
sulfuric acid. 

5. These effects were more pronounced in pyrite pulps than in pulps 
made with chalcopyrite or sphalerite. 

6. A survey of the oxygen content and reducing agents in the pulp 
of a flotation mill has been-made. 

7. Lime in a flotation pulp is consumed by interaction with sulfide 
minerals, with gangue minerals, probably by adsorption on all surfaces, 
by reaction with oxidation products on the minerals produced before or 
during grinding and flotation, by carbon dioxide from the air coming into 


C] arkdale rSmaidone 
8. Grinding an ore in limewater with exclusion of oxygen produced 
8 pulp which gave worse flotation results in flotation of chalcopyrite and 
__. sphalerite and rejection of pyrite than one in which plenty of oxygen was 
present during grinding. 
: 9. The addition of lime to a thick pulp from a grinding mill and condi- 
tioning by aerating permitted better subsequent flotation results than 
_ adding the same amount of lime to a pulp diluted to flotation density 
before similar conditioning. 
10. The soluble reducing agents produced by action of lime and 
oxygen, when introduced in controlled quantities similar to those observed 
in the work recorded above, showed no perceptible effect on the flotation. 


DISCUSSION 


C. G. McLacuuan, Noranda, Que. (written discussion).—The results obtained by 
~ the authors with lime substantiate similar work at Noranda with sodium compounds. 

The Noranda concentrator was placed in operation in October, 1928, to mill 
massive sulfide ores of the Rouyn district, carrying copper and gold and in certain 
cases zinc. It was soon found that mill results were erratic and that on ore which 
contained less than 20 per cent. silica the mill did not check laboratory tests. For a 
time rapid oxidation or tarnishing of the massive sulfide ore in large-scale operations— 

“as compared with those in the laboratory—seemed to offer a possible explanation of 
this discrepancy in results. Working on this assumption, it was argued that as oxygen 
would react with the sulfides to produce acid-forming radicals, spraying the ore with 
a dilute solution of sodium sulfide as it entered the mill bins should prevent such an 
action. Laboratory tests supported this contention and the practice was used in the 
concentrator with beneficial results. ‘Conditioning tests were then run with other ° 
reagents and it was found that soda ash promised to give equally good if not better 
results than had been obtained with sodium sulfide. A mill test was made which 
showed some promise and about 10 days later experiments were carried out to deter- 
mine the floatability of the fines which had been sprayed in this way. ‘These tests 
gave considerably better results than those which had previously been made on 
absolutely fresh ore, or on ore which had been subjected for a short time only to 
contact with soda ash. 

This result was so directly opposed to the first view that in order to investigate 
the variation further, charges of freshly broken ore, and of the fines which had been in 
contact with soda ash, were ground at 50 per cent. solids with distilled water, which 
was subsequently analyzed for dissolved salts. After the analysis had been made, 
difficulty was experienced in combining the sulfate radical and the sulfur with the 
sodium base in such a way as to check with the ‘‘total solids,” until the assumption 
was made that the sulfur not combined as SO, was present as 8:03. This assumption 
was later confirmed by chemical tests. The compounds found in these water analyses 
are given in Table 1. 

These results showed that oxidation had proceeded further in the case of the con- 
ditioned ore than it had with the freshly broken ore, and indicated that, contrary 
to the opinion previously held, oxidation of the type of ore being milled here—with 
free alkali present and within the limits determined by these tests—was beneficial 


ee 


to flotation, and that titration of the | See ip for 
probably indicate how far the desired: res on had 
‘A check was made on the mill circuit for thio 
that considerably less of this compound was present than hac 
laboratory tests. Raising the temperature of the pulp and i ir 
seemed the most likely way to correct this condition, and it was found that. 
air agitation period of 20 min. at 25° C._—the same time as that in the United 
experiments—the thiosulfate content of the pulp increased until it was th 
that previously found by analysis in the water in which the fast-floating 
been ground; further, flotation tests made on this pulp checked those obtained « 
conditioned fines. These tests therefore showed that thiosulfate formation, w 
considered to be a measure of the degree of oxidation of the pulp, was a gage by 
the suitability of the pulp for flotation could be determined. A 


TaBLE 1.—Compounds in Water Analyses 


Fresh Ore Grams per Conditioned or, 
0 c.c. Grams per 1 
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@ Sodium chloride was present, due to impurities in the soda ash. 


The work outlined covered a period of several months. ‘The first tests in which 
the ore was conditioned with a reagent for a definite period of time prior to grinding 
were made toward the end of December, 1928, and during January almost all the ore - 
milled was sprayed with a weak solution of sodium sulfide as it entered the storage 
bins immediately ahead of the grinding circuit. At the end of January the mill was 
shut down, as the ore increased in grade and was sent direct to the smelter. This 
permitted an intensive laboratory investigation to be made of conditioning and other 
points connected with the treatment of the ore. As a result of certain of these tests, 
a 100-ton lot of ore was milled in the middle of February, to which soda ash had been _ 
added dry upon its receipt at the mill bins the previous day. The metallurgical 
results obtained on this ore were fair but did not duplicate those obtained in the 
small-scale tests. The fines, however, from this ore, when treated in the laboratory 10 
days later, gave very promising results. The water analyses to investigate the 
reason for this improvement followed, and the first aeration tests were carried out 
in the laboratory in March and April. At the end of the latter month the concen- ; 
trator was placed on a 24-hr. basis, and from that time until the middle of June, when 
the practice was temporarily discontinued to make way for other tests, all ore as it 
entered the concentrator bins was sprayed with a solution of soda ash containing a 
small percentage of sodium sulfide, but it was not until the end of July that an oppor- 
tunity offered for checking up the thiosulfate content of the mill circuit. Then it was 
found that the concentration of this salt in the mill circuit was much less than in 
any of the laboratory tests, including those which had been made on freshly broken 
ore. Additional tests were carried out which resulted in the installation of two 
aerating tanks in the mill immediately ahead of flotation. These tanks improved the 
grade of the concentrate but laboratory tests and thiosulfate determinations showed 


eaaa of aeration would be. reqnied before optus results could be 
ha ‘ob ined. Profiting by the experiments gained in the operation of the two small 
tanks, one large tank divided into two sections for series treatment, and big enough 
provide the necessary aeration period, was placed in operation in the mill during 
the third week of August. This tank was fitted with bottom bleeder pipes so that 
advantage might be taken of the classifying action resulting from the hindered settling 
effect produced by the bubbling up of the air through the pulp. The coarse sand bled 
_ from these pipes is being returned to the grinding circuit. Temperature control was 
provided for by injecting steam into the tank. More recently one of the two smaller 
tanks has been put back in the mill so that the rougher concentrates may be subjected 
to a second period of aeration, before cleaning. This has resulted in raising the grade 
of the cleaner concentrate about 1 per cent. and in lowering the cleaner tailing. 

Additional laboratory tests have been made to determine what effect sodium 
thiosulfate and sodium sulfate have when added as reagents to samples of fresh ore. 
Our tests check those carried out by the United Verde Co., as better results were not 
obtained through the addition of these salts. On the other hand, pulp that had been 
conditioned ready for flotation still exhibited fast-floating properties even after 
being washed and floated in fresh water. 

In the foregoing discussion an attempt has been made to trace the course of the 
research work here from a start which differed widely from that employed by the 
United Verde, to a point where the findings of the two investigations, despite the dif- 
ference in the two reagents used, bear a marked degree of similarity. For this reason 
the cycle of development was first outlined and then the changes made in actual 
mill operations. 

It may be advisable to stress the point that the use of pulp oxidation here necessi- 
tates the maintenance of a definite degree of protective alkalinity and it is probable 

that the beneficial effect noted as the result of the addition of sodium sulfide to the 
ore as it entered the mill bins depended more on the fact that this reagent gives an 
alkaline reaction than on its sulfidizing property. 

Further experiments involving pulp oxidation, including tests with lime, are being 
tried, and we shall watch with considerable interest the outcome of additional work 
that may be carried out by the Research Staff of United Verde Co. 
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F. Tarraron, South Strafford, Vt. (written discussion).—Fig. 1 reveals the 
remarkable and seemingly paradoxical fact that the generation of soluble reducing 
agents takes place most rapidly under the worst conditions; that is, in the ball mill and 
the flotation machine, where the greatest quantity of oxidizing agent-—air—is being 
introduced. The ball mill is an open trunnion type, readily admitting air, which is 
beaten into the pulp. The flotation machine is an M. S. subaeration type, utilizing 
large quantities of air. Yet the curves indicate that in both these machines the 
generation of soluble reducing agents is most rapid. A clue to the explanation of this 
ut lies in the fact that in both these places is the greatest intensity of mechanical 
agitation. The possibility that the rate of generation of soluble reducing agents may 
be a function of the intensity of agitation of the suspension suggests itself. This is 
well in accordance with the much observed fact in chemistry that agitation hastens 
chemical reactions. 

The writer is familiar with the Verde mill, hence can apply this hypothesis to the 
entire circuit in which the observations on quantity of reducing agents and dissolved 
oxygen were made. ‘Taking the curve for total reducing power (the curve for 8203 
reducing power is roughly parallel to that for total reducing power, hence the following 
observations apply not only to the total reducing power but to each of its constituents 
individually), we note that in passing through the ball mill we get the highest rate of 
generation of reducing agents. In the ball mill we also have the greatest intensity 
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of mechanical iqiakes The ischan the 
sifier. This distance is so short and the travel 
change in the relative quantity of reducers in so 
explained by the authors as entirely due to the addition i } 
has now arrived in the classifier and agitation is very slow, being — 

of the rakes of the Dorr classifier. The generation of reducing agents has also ¢ 
to alow rate. The overflow of the classifier enters a launder approximately 2 
We have then, the overflow of a weir 8 ft. wide entering a launder 2 ft. wid 
obvious that a great increase in velocity will take place. Moreover, the launde 
a sharp turn and there is a drop of about 3 ft. into a box before the pulp en’ 
flotation machine. Clearly, there has been an increase of turbulence in the p wh 
Correspondingly, the curve mentioned shows an increase in rate of generation of © 
reducers. The pulp now enters the flotation machine, where it becomes subject to th oe . 
vigorous action of the impellers. A marked increase in rate of generation of reducing 
agents takes place. Finally the pulp enters the thickener. An almost. complete 
absence of agitation is characteristic of this machine and we note from the curve that _ 
the rate of generation of reducers has become negative. Table 2 summarizes >% 
this relation: : , } 


TABLE 2 = 
Place of Observation | A aiidGon Reducing Power 
Ball’ mill Jas Mee eee . Pee eee ee eee | Greatest ’ Highest 
Elotationsmachines: ae 2 oooh ee eee Next Next 
Launder to flotation machine............... Next Next 
Classifier.® 24.022. 220E Ae, oa oe ee eee Next Next 


Thickener: 3." 2.002 tate ote Ree eee ee Next Next 


The effect of the presence of oxygen does not seem great enough to obscure 
this relation. 

On page 369 the statement is found that precipitated sulfur is changed by alkali 

into thiosulfate and polysulfide. We read on the following page that colloidal sulfur 

has been found in an alkaline pulp. Certainly, colloidal sulfur is in a fine enough 

state of division to permit chemical reaction if the reaction takes place at all. The 

two statements are contradictory and need explaining. 4 
The authors say that when the ore is ground in the presence of oxygen, an improve- fs 

ment is noted in the extraction of chalcopyrite and marmatite (p. 381). It is not clear 

why this is so, but an explanation may lie in the fact that colloidal sulfur is present 

in the pulp. Of two substances of different degrees of floatability, the more floatable 

will replace the less floatable in a froth. + Sulfur floats much more easily than chalco- “+ 

pyrite, hence it may be that the improvement in extraction after addition of oxygen 

to the ball mill is due to the oxidation, and therefore removal, of this sulfur, which 

under usual circumstances would replace some of the chalcopyrite or marmatite. 

The quantity of colloidal sulfur is indicated as small but no quantitative statement is 

made concerning the improvement in extraction. The plausibility of this explanation 


may be destroyed by quantitative considerations which the authors, no doubt, 
can apply. 


O. C. Rausron, Clarkdale, Ariz. (written discussion).—The confirmation of our 
general findings by Mr. McLachlan is particularly gratifying. Apparently the work 
of McLachlan and his associates is entirely independent of our own. Furthermore, 
they have seemingly extended the correlation of their measurements on reducing 
power to their commercial operation further than we have. 


The value of their work and ours is to show that lime (or soda), in producing 


alkalinity in the flotation pulp, is active in combining with or attacking the particle 


- surfaces of a sulfide pulp, doubtless modifying them and altering their floatability. 


_ In both cases we have studied only the soluble products of the reaction and not the 


solid products. Direct study of the alterations to the particles themselves would be 


useful. 
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Our study of the soluble products from these reactions is far from complete or 
satisfying. One is faced with identification of a host of sulfur oxygen complexes 
which is discouraging. A study of the action of lime on sulfur, on which there is a 
voluminous literature contributed by the agricultural chemists, shows that while there 
are numerous compounds present in lime-sulfur solutions the two most prominent 
ones are thiosulfates and polysulfides. With strong aeration the polysulfides are also 
altered to numerous intermediate products but sulfates are the end products. 
Colloidal sulfur is also formed from the polysulfides. The amounts of sulfides will 
probably vary with the oxidizing conditions and the adventitious catalysts present. 
We reported only thiosulfates and sulfides by quantitative methods, which are 
certainly none too accurate but as good as are available. Colloidal sulfur we identified 
only qualitatively and we are sure many sulfur oxygen complexes are also present in 
small amounts. 

Mr. Tartaron’s question about how sulfur could be present has been answered 
in the last paragraph. While lime solutions attack sulfur, the oxidation of the 
polysulfide solutions also release a certain amount of sulfur. It is no difficult flight 
of imagination to find lime solutions attacking pyrite, with its so-called ‘‘feeble 
atom”’ of loosely held sulfur. It may be that a lime-sulfur solution is not in stable 
equilibrium until there is free sulfur present, and this could provide a second way in 
which sulfur would be generated. The amount of sulfur present is so small that we 
have attached no importance to it and cannot join Mr. Tartaron in his speculation 
on its possible effects on the flotation. 


L. Kien, Clarkdale, Ariz. (written discussion) —As I did the analytical work on 
which this paper is founded, I wish to add a few remarks and reply to a criticism by 
Professor Taggart.4 Professor Taggart applied the methylene blue test for sulfides 
to a solution that he made up from ore pulp. While I have not applied the methylene 
blue test, I have applied the nitroprusside test for soluble sulfides, which has been 
standard among cyanide men for many years. The result was positive indication of 
the presence of soluble sulfides in our pulps. All mill solutions, if not below the limit 
for the test, give a positive test for sulfide with the sodium nitroprusside reagent. 
Tailing solutions from a schistose feed low in pyrite, as was our concentrator feed in 
1928 (average for the year was 16.7 per cent. pyrite), usually gives a negative test, 
since there is a limit below which the reagent will not register. On the other hand, 
high pyrite feeds will always produce tailing solutions with sufficient sulfide to give 
the positive test. ih Se 

Furthermore, the behavior of these solutions on strong acidification is indicative. 
The odor of hydrogen sulfide is frequently obtained and at other times the odor of 
SO.. The latter comes from acid decomposition of thiosulfates, and whether SO, or 
H.S predominates depends entirely on the relative amounts of thiosulfates and sulfides 
in the solution tested. The interaction of H.S and SO: on each other in aqueous 
solutions also produces sulfur and water, and one must be in excess over the other to 
produce an odor. I have confirmed the generation of H2S on weakly acidifying 

_certain of these solutions by boiling off through an ammoniacal cadmium chloride 
solution with consequent precipitation of yellow cadmium sulfide. Mill solutions 
treated with ammoniacal AgNO; solution precipitate AgoS, which could come from 


4 See page 238. 
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either sulfide or thiosulfate or both. Determination of the Ag content of the pre- 
cipitate gives results when calculated to the same terms as used in the KMnO, titra- 
tion, which closely check the KMnO, value. Note the following test made on a 
composite of mill solutions from various spots in the mill circuit: 


Reducing power by titration with KMnO, = 2.3 (0.0896 NKMnQOs,) 

Reducing power by titration with I, 1.2 (equivalent to KMnO.) 
Reducing power by evolution of HS 1.0 (equivalent to KMn0Os,) 
Reducing power by precipitation of Ag2S = 2.2 (equivalent to KMnO,) 


Therefore there is no doubt about the presence of soluble sulfides in the solutions 
under proper conditions, although the question could be raised easily as to whether 
the difference between the iodine and the permanganate titrations is entirely due to 
sulfides and not to a combination of sulfides and some oxysulfosalt as yet unidentified. 


_ Copper Sulfate as Flotation Activator for Sphalerite 


; By oO. © Ratsron, * C. R. Kine* anp F. X. Tarraron,* Cuarkpare, ARIZ. 


(San Francisco Meeting, October, 1929) 


THE use of copper sulfate for improving the flotation behavior of 
sphalerite is probably at least 15 years old. The original discovery of 


3 _ its activating influence is somewhat obscure. The story goes that in the 
_.mill at Mascot, Tenn., its favorable action was discovered by accident, 


early in 1914, as follows: The original laboratory test work on a sphalerite 
ore gave favorable flotation results, but after a mill had been built the 
flotation concentration of the ore was very unsatisfactory. In diagnosing 
the probable reasons, one fact pointed out was that the laboratory test 
machine had been constructed of bronze whereas the commercial machine 


_ allowed pulp to come in contact only with wood and iron. A plate of 


sheet copper was hung in the flotation machine and results immediately 
improved. At first fanciful explanations of electrolytic and electrostatic 
behavior were given credence, but when the copper plate was removed 


and a small amount of copper sulfate substituted in the pulp an even 
more favorable result was obtained. Toward the end of 1914 copper 


sulfate was also adopted in the acid flotation circuit of the Butte and 
Superior Copper Co. Just who is responsible for the original discovery 
the present writers do not know. It seems strange that in that era of 
flotation litigation this discovery was not patented. 

While for pragmatic purposes it may be sufficient to know that the 
mere addition of copper compounds to a flotation pulp is sufficient to 
activate the flotation of the sphalerite, for scientific purposes it is quite 
desirable to know more about how the action takes place. It is the 
purpose of this paper to present certain evidence dealing with the mecha- 


nism of the beneficial effect. 


The description of the effect as activation in contradistinction to 
depression is now common in both the English and German languages. 
It makes no assumptions as to whether the zinc sulfide surfaces have 
been filmed with copper compounds. In fact, the principal differences 
of opinion expressed in the literature deal with whether there is an actual 
formation of CuS (or even Cu,S) on the surface of the sphalerite. 

Activation of sphalerite takes place in alkaline, neutral or weakly acid 
solutions and whereas the present day flotation of sphalerite is usually 
in an alkaline solution, the early use of copper sulfate was in a 
sulfate solution. 


* Of the Research Staff, United Verde Copper Co. 
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no visible alteration of their surfaces. 


nate 
Wideerotese Exes 


Some of the first to use a microscope in studying surfaces a 
particles when treated with reagents were Tucker and Head.' 
cleavage surfaces of pure minerals were covered in half by paraffin 
were attached to the impeller of a flotation machine to be immersed 
proper agitation in a flotation pulp containing copper sulfate. — : 
the paraffin film was removed, the exposed surface was found to be coated 3 

with an unknown film. This gave credence to the theory that a i= 
probably of copper sulfide had been formed. 

On the other hand, Ince? says that despite intensive Hepatic Pee: 
study of sulfide surfaces after treatment in solutions more concentrated RG 
than those used in practice, there were revealed no surface alterations 
visible at a surface magnification of 500. Also, 8: I. and A. 8. Mitro- 
fenoff* state that pure crystals of blende and pyrite lay in a 10 per cent. 
solution of copper sulfate solution without stirring for two months with 


The Mitrofenoffs noticed that if sodium carbonate were added to a 
dilute copper sulfate solution the blende, and to a less extent pyrite, 
became covered with spotty discolorations, or even radiating crystalline 
masses of high luster. In the presence of weak xanthate solutions, blade- 
shaped forms were seen on the blende grains in either acid or alkaline ~ 
solutions. Therefore they formed the conclusions that the important 
film was cupric xanthate and their theory of activation includes primary . 
formation of zinc hydrate, cyanide or carbonate film on the zine sulfide 
surface followed by metathetic formation of the corresponding copper 
compounds followed by reaction with the xanthate solution to form 
insoluble copper xanthate. Without disputing their theory, it must be 
pointed out that copper sulfate has been used for an activator for many 
years before xanthates were adapted to flotation, and in the presence of 
almost every conceivable flotation oil or soluble collector. 

While the work of Tucker and Head has been criticized by Taggart, 
Taylor and Ince‘ in such a manner as to cast serious doubt on the character 
of their visible films, there is one bit of forgotten evidence in the literature 
which gives strong probability to the existence of a microscopically 
invisible film of copper sulfide on the activated sphalerite surface. This 
is provided by Wentworth® who, in describing the old electrostatic 


1H. L. Tucker and R. E. Head: Effect of Cyanogen Compounds on Floatability 
of Pure Sulfide Minerals. Trans. A. I. M. E. (1926) 73, 354. 

? C. R. Ince: A Study of Differential Flotation. See page 261. 

* Mineraljnoje Syrjo (1928) 246, through Metall und Erz (1928) 25, 644. 

‘A. F, Taggart, T. C. Taylor and C. R. Ince: Experiments with Flotation 
Reagents. See page 285. 


°H. A. Wentworth: Electrostatic Separation of Mincealen in Ores.c Eng. & Min. 
Jnl. (1910) 90, 15. 


: ® the Aaa mixed with gangue ane If this remaining Hiern is 


placed in a copper sulfate solution, washed, dried and concentrated on 


the same electrostatic separator, the sphalerite particles will function 


like good conductors and will separate from the gangue. They are 
not visibly altered, but apparently even an invisible film of the highly 
conductive copper sulfide is sufficient to make them function as good 
conductors. After long immersion, or several immersions, the blende 
particles grow distinctly brown; this, of course, is not evidence proving the 
existence of a film of copper sulfide because some other copper com- 
pound might have been involved. The evidence, at least, supports the 
inference that there is a film of some copper compound. 


TypicaAL Errects oF CopPpER SULFATE 


As an example of the beneficial effects of copper sulfate in the activa- 
tion of sphalerite toward flotation, the series of results shown in Fig. 1 is of 
interest. These represent rougher tests on a sample of heavy pyritic 


ie.) 
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Rougher Concentrate, Percentage of Zinc 


Percentage of Zinc Extraction 
Fig. 1. —EFFECT OF COPPER SULFATE IN ROUGHING TESTS. 


Amounts CuS0..5H:2O given on diagram, in pounds per ton ore. Other reagents: 
0.1 lb. pine oil; 0.1 lb. potassium amyl xanthate. Causticity: 0.25 Ib. CaO per ton 


water. 


ore from the United Verde Copper Co. mine at Jerome, Ariz. The par- 
ticulaf sample in question contained about 5.6 per cent. zinc as marmatite, 
and was treated in a circuit made alkaline with lime, using pine oil as a 
frother and potassium amyl xanthate as a collector. As can be seen, in 
the blank test with no copper sulfate, less than 50 per cent. of the zinc 
was contained in a rougher concentrate, analyzing only 8.5 per cent. 
zine. The addition of increasing amounts of copper sulfate increased 
both grade of rougher concentrate and extraction, until about 80 per cent. 
extraction was reached. For higher percentages of extraction the grade 


Sider are oe on dies ai oe ‘hs seta sit OU 
per ton of ore. It will be noticed that most of the 
obtained by as little as 1 lb. blue vitriol per ton of « Ties sais 
improved results are obtained with up to 2 pounds. 

The fact that these results were obtained in a pulp Aiki piled line» 
lime suggests that the copper sulfate added is probably not preset 
copper sulfate but was converted to copper hydroxide before the acti 
tion of the sphalerite surfaces. With this in mind the following studies — . 
were undertaken. vie ; 

Another sample of ore of the following analysis was used: 


Prer CrEnt. ; . Per CENT. 
Cw ee AR, See re 3203 FS MEO Fee oe renee oe ee 0:42 =2 
Zing cio itech aie ee eee B.8eo ALO Ase Chr ee Pee 0.84 
| Bonen eset Alt s Sere: 0.121 WSiOe waagiay haa. shee 13.29 
de aeotes SME rote tg aaa ae Sic) 34:00) —Ssan coateinente catia eit ae 40.75 
CaO Baten an hereto eae 1.18 


In this ore copper was present almost entirely as chalcopyrite and the 
zinc as marmatite, containing slightly over 60 percent. zinc. The bulk of 
the ore consisted of pyrite and the total gangue present was only 15 per 
cent., of which a portion is the schist with which the ore deposit 
is associated. 


CONSUMERS OF COPPER SULFATE 


Modern flotation is carried on mainly in‘alkaline pulp, therefore when te 
copper sulfate is added to it there are several possible consumers or 4 
precipitants of the copper, which may be tabulated as follows: ‘ 


1. Soluble constituents of the water, such as lime, calcium bicarbon- 
ate, cyanide, ete. 

2. Gangue minerals (in this ore the schist absorbs copper sulfate). 

3. Sulfide minerals, which interact with the copper sulfate solution. 

4, Finely ground metallic iron from grinding machinery. 

Tiven if copper is precipitated as hydroxide or basic carbonate by the ~~ 
pulp solution, or by carbonates in the gangue, the resulting precipitate is 
not completely insoluble, but has a certain minute solubility. From 
the physicochemical tables of Landoldt-Bornstein and the solubility 
tables of Seidell, it was found that the solubility of cupric carbonate at 
18° C. is 0.031 part per 100 parts water, whereas the bicarbonate is 
soluble to the extent of 0.041 part at 18° C. and the hydroxide, 0.000650 
part at 18° C. The solubility of the basic carbonate of the copper is 
given as 0.00026 part per 100 ¢.c. water. Therefore, while copper may 
be precipitated almost entirely by constituents of the pulp the solution 
will always be saturated to the extent represented by these figures. 


ae OF Ce SuLrate IN Navin Pup re 


b ei When patting the ore in local water, the resulting pulp was not truly 
ral but slightly alkaline, the water in it having a pH of 7.6. A series 


ach ton of ore, which had been ground until about 20 per cent. remained 


2 ona a 300-mesh sieve and pulped with water until there were 4 tons of water 


for every ton of ore. Two liter batches of this pulp were agitated from 


1 to 10 min., then immediately filtered and the remaining copper deter- 


mined. A Hank was also run on a filtered portion of water from grinding 


oo 8 batch of ore and to it was added copper sulfate, resulting in a precipitate, 


sh 
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_ which was likewise filtered. In Table 1 are given essential data of this 
series of tests. As can be seen, 1.9 lb. of the 2.0 lb. of copper sulfate was 


precipitated by the water filtered away from the neutral pulp, and at the 
end of 5 min. practically all the copper in each charge had been used up. 
Therefore this series was disappointing as far as showing whether the 
copper sulfate or copper carbonate or hydroxide interact with the zinc 
sulfide in the ore. 


TasBLe 1—Consumption of Copper Sulfate in Neutral Pulp 


Time, Minutes sop perees é pH Cee ae 
rie Ton 
| 

1 80 7.5 1.962 

2 80 7.4 1.831 

3 80 7.4 1.894 

4 80 7.4 1.870 

5 80 7.4 1.997 

8 80 7.4 1.997 

9 83 7.4 1.983 

10 86 7.4 1.996 
Blank ] 80 7.6 1.901 


CONSUMPTION OF CoPpPER IN ACIDIFIED PULP 


A series of tests was designed in which sufficient sulfuric acid was 
added to the pulp to keep copper sulfate in solution. The pH of the pulp 
was brought to about 6.0 with sulfuric acid and another series of tests was 
run using 2 lb. copper sulfate per ton of ore, as described above. The 
results of this series on the effect of time. on consumption of copper 
sulfate are given in Table 2. 

In this case, it will be noted that the blank test showed a consumption 
of only 0.185 Ib. of copper sulfate, so that the remaining copper sulfate 
as such was available for interaction on the sulfide and gangue minerals. 
In this case, after only 2 min. time of contact 90 per cent. of the copper 
sulfate had been used up, but even after 120 min. a very small amount of 


ests was run in which 2 lb. of blue vitriol, CuSO..5H.O, was added to 


"ee we me a 


copper ina till 2 
that the consumption of copper U 
TON. rapid reaction. 


Since in all the above tests 2 Ib. of bluestone had been used for each a 
ton of ore, it was thought best to vary the amount of bluestone and to © 


give a sufficient time of contact (30 min.) in another series of tests in _ 


acidified pulp, which are reported in Table 3. Here again, acid amount- 
ing to 4 lb. per ton ore brought the pH to 6.0, and amounts of copper sul- 


fate varying from 5 to 150 lb. per ton of ore were applied in the solution. 


TABLE 3.—Consumption of Copper Sulfate in Acidified Pulp 


aaa ra ORO Ai a as 
83 6.0 5 5.0 
83 6.0 8 8.0 
83 6.2 15 15.0 
83 6.2 25 25.0 
83 6.2 50 50.0 
83 6.0 75 67.5 
ox 6.0 100 82.1 
83 6.0 150 90.0 


In the 30-min. interval as much as 50 Ib. of copper sulfate would be 
consumed completely and for greater quantities the consumption would 
be increased, but not all of the available copper sulfate was used up in 30 
min. The copper sulfate consumption was increased at such a rate that 
it seemed to be approaching a maximum of about 100 Ib. per ton of ore. 
The resulting solutions were found to contain both zine and iron, so it 
could be concluded qualitatively that at least a portion of the copper 
sulfate had been used up on the sulfides of iron and zinc, probably with 


precipitation of a sulfide of copper and the passing into solution of zine or 
of iron, 


ey ey ee ee 
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CoNsUMPTION OF Basic Copper Compounps By ORE 
While the work in acidified pulp is interesting, it still does not approach 


_ the conditions reached in practice where neutral or alkaline pulps are 


involved. A method of analysis was therefore perfected for differentiat- 


ing copper carbonate and hydroxide from freshly precipitated sulfides of 


copper. Pulp samples could be deaerated by means of a vacuum or by 
blowing nitrogen through them. An air-free ammonia solution was used 
to leach out copper carbonate and copper hydroxide from such pulp. If 
air is excluded copper sulfide or metallic copper is not attacked by the 
ammonia solution. ; 

A series of neutral pulp samples was prepared to which copper sulfate 
was added as above, with immediate precipitation of the basic carbonate 
of copper, and after various periods of agitation in closed bottles each 
was leached with air-free ammonia, whereby it was determined how much 
of the copper carbonate had interacted with the suspended ore, producing 
copper sulfide presumably as a film on the various sulfide minerals. The 
data of these tests are given in Table 4. 


TaBLE 4.—Consumption of Copper Carbonate by Ore 


Time, Minutes Temperature, Deg. F. REDS Cee 
5 82 1.754 
10 82 1.833 
30 82 1.881 
90 82 1.983 


This table shows that of the copper corresponding to 2 lb. original 
copper sulfate per ton of ore, the equivalent 1.75 lb. is used up in 5 min. 
and practically all of it is gone in 90 min. Therefore, in spite of the low 
solubility of the carbonate and hydrate of copper, each can be quite 
rapidly used up by the sulfide minerals of the ore. This is believed tobea 
definite piece of evidence, previously lacking, which shows that the copper 
sulfate added to an ore pulp ultimately is converted to a sulfide of copper. 


CoNSUMPTION OF CoppER HYDRATE IN A Lime Circuit 


A series of pulps was made up to which lime was added in amounts of 
8 lb. CaO per ton of ore, causing the resulting pulp to have a pH of 11.8. 
To samples of this pulp increasing amounts of copper sulfate were added 
with instantaneous conversion of copper sulfate to copper hydrate and 
the samples were agitated for 30 min. in closed bottles without con- 
tact with air. Unreacted copper hydrate was leached out with ammonia 
and the tabulated data are given in Table 5. The copper hydrate con- 
verted into sulfide is expressed in the fifth column in pounds per ton ore 
for comparison with the original amount of copper hydrate added. When 


to 39.0 i of ea i ee ae to ) ae 
was consumed by the ore in a lime circuit, mnaeaae in an vaale 


was consumed by the ore. rh 
In the last column of Table 5 are given the perenteses of zine dis 
in the ammonia solution, so that one must presume that the bulk of 


TABLE 5. alg oh crA Hon of Copper Hydrate in Lime Cirewit 


Tenens ae Biggrtgne | CuO, | Connumed.t. | sation Lb. 
84 11.8 blank 0.39 deduct-| Trace 
ed below | 
84 11.6 1 0.39 0.25 0.352 
84 11.4 3 1.17 0.84 0.333 
84 bee an 5 1.95 1.16 0.292 
84 2 10 3.9 1.80 0.222 
84 11.0 20 7.8 3.36 0.259 
84 10.0 50 19.5 7.6 0.666 
84 8.0 100 39.0 Tei 1.006 — 


- hydrate consumed by the ore reacted with other minerals than with the 
sphalerite. In the case of 100 lb. of bluestone added to the ore, of which 
the equivalent of 30 lb. was ultimately converted to sulfide, the actual 
copper involved in the 30 lb. of bluestone is 8.5 lb. and there was found 
in solution only 1 lb. of zine. As they are almost of the same atomic 


weight, 1 lb. of copper should be replaced by about 1 Ib. of zine, and there-_ 


fore out of the 8.5 lb. of copper converted to sulfide 7.5 lb. must have 
been used up on something else in the ore—probably pyrite. This 
conclusion is supported by the fact that pyrite is also activated by 
copper sulfate, although not in the same proportion as sphalerite. 


ACTION OF CopPpER SULFATE ON PurRE MINERALS 


This work indicated the desirability of studying the action of copper 
sulfate on individual pure minerals and therefore samples of sphalerite, 
chalcopyrite, pyrite and barren schist were obtained for this purpose. 
They were placed in dilute copper sulfate solutions and allowed to stand 
for 24 hr. with resulting copper consumption tabulatedin Table6. Inthis 
case the copper consumed is expressed in milligrams per gram of mineral 
used, and again the last column contains information on the amounts of 
zine or iron liberated. Ferric hydrate was plainly visible in the pulp and 

was extracted by a quick leach with dilute hydrochloric acid. Appar- 
ently copper sulfate is consumed by all four constituents of the ore in the 
following order: pyrite, chalcopyrite, schist, sphalerite. Presumably, the 
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ited thy Position of a film of copper ulate on its surface, the 
perties of this film must be considerably different from the properties 
of the films produced on pyrite and chalcopyrite. In the case of the 


5 _ sphalerite we can expect a cupric sulfide film and the zine from the zine yy 
2 . b. 
TABLE 6.—Action of Copper Sulfate on Pure Minerals F 
: Cc C. d, : _ 
Mineral Condition of Circuit Milligrams per Grain he: ae luberated, ; 
: ‘ -. 
Be, SAN ad 2). Ds Neutral 3.04 1.06 4 
Be LOB « eead nc «i Alkaline 2.68 1.24} Zn in soln. a 
eee ; Acid 1.66 2.00 
ST AOU GS hoes ee Neutral 6.08 0.00 
y CUPS sce ss is Alkaline 5.93 0.00; Fe in soln. 
Ss (Cun? SP a liled edi Acid 2. 61 trace 
EMIS y ys Se otra Baan Neutral 8.80 
Z HeSayete sbracts sis Alkaline 9.30 
+ j + TALS ea See a Acid 7.90 
Bee SCDISh 2. <= es cic. Neutral 3.70 


sulfide should pass into solution as the soluble zinc sulfate or as the 
4 ‘slightly soluble zinc hydrate. In the case of the pyrite and chalco- 
pyrite the iron that is displaced by copper cannot pass into solution in an 
alkaline pulp because ferric hydroxide has an exceedingly low solubility 
and the probability is that the film of copper sulfide is contaminated by 
ferric hydroxide precipitate, so that the floatability of the filmed pyrite 
and chalcopyrite should be less than the floatability of filmed sphalerite. 


"StU ee 


METATHESIS BETWEEN SPHALERITE AND CopPpER SULFATE 


~’ To make certain that there is a metathetical reaction, CuSO, + 
ZnS = CuS + ZnSO,, samples of pure sphalerite were ground under 
water and treated with copper stilfate solution for 24-hr. periods, after 
which the pulps were filtered and the filtrate analyzed for copper and 
zinc. Nearly twice as much zinc was found in solution as there was 
copper displaced, indicating excess zinc passing into solution over what 
could be expected. However, in these tests air had access to the pulp and 
could have caused corrosion of the sphalerite with formation of more than 
the expected quantity of zinc in the solution, therefore the tests were 
repeated in pulp from which oxygen was excluded and in which also the 
sphalerite received a preliminary dilute acid wash to remove all indica- 
tions of oxidation. The result was about equal amounts of zinc (0.9) 
found in solution as compared to the copper which had disappeared. 


yet the chemical evidence shows that a metathetical reaction has tal 


and in no case was a film visible fader the microscope or iooxboptdt NK 


place between the zine sulfide and copper sulfate solution. 


GENERAL OBSERVATIONS 


The ore with which we worked contains chalcopyrite, and most Ee 
flotation reagents, under conditions of low alkalinity, form a brassy — 
chalcopyrite froth. However, after activating with copper sulfate 
the froth takes on a silvery appearance due to the finely ground marmatite 


which it carries and for clean flotation of the marmatite the alkalinity of 
the pulp must be increased. 

It is a matter of observation on the Jerome ores that when the ayoikal 
cupric sulfide, covellite (CuS), is present in the ore it is floated with 
difficulty. Nevertheless, our observations indicate that the film of 
copper sulfide on sphalerite is cupric sulfide. This anomaly is difficult to 
explain. The natural cuprous sulfide, chalcocite (Cu.S), is known to be 
much more easily floatable and our tendency during the research had been 
to expect results to point toward the formation of a cuprous sulfide film on 
activated marmatite, whereas we found cupric sulfide. 

Another interesting point in connection with the Jerome ores is the 
fact that zinc-bearing sulfide ores from near the mine-fire zones behave as 


though the marmatite had already been activated and require little or no .— 


addition of copper sulfate during flotation concentration. Presumably 
they have already received a bath in copper sulfate solution caused by the 


mine fires. Furthermore, ores from the upper levels of the mine, not 


associated with fire zones but showing enough chalcocite to indicate 
enrichment caused by weathering of the outcrops, are already activated 
when they reach the flotation machine. Presumably, the ground water 
passing through them has contained copper sulfate from weathering and 
has left imperceptible films of the sulfides of copper in every open crack 
and even in cleavage planes. 

The copper sulfate for activation is best added to the flotation pulp 
after grinding but can be added to the pulp entering the grinding mill. 
In the laboratory, if copper sulfate was added to the pulp before grinding, 
about four times as great an amount of copper was needed to get the pulp 
to the same degree of floatability. This is easily understood because a 
film of copper sulfide once formed and ground off by attrition is probably 
inert. Only the unutilized suspension of copper hydroxide or basic 
carbonate remains in the pulp to activate fresh surfaces exposed by grind- 
ing. It is possible that agitation of the pulp with free access of air after 
the grinding operation will cause rapid oxidation and resolution of inert 
copper sulfide percipitate and allow it once more to react with zine sulfide 
surfaces, activating them. Eventually, any compound of copper, if 
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present in the pulp during long conditioning, will tend to activate the 


j _ sphalerite toward flotation. Only the natural carbonate minerals of — 
copper, malachite and azurite have been tested by us in this connection 
and they cause relatively rapid activation but are not as efficient as the 
_ copper sulfate. 


Another bit of evidence favoring the copper sulfide film theory of 


activation is contained in the work of experimenters of this laboratory, 


which will be fully discussed in another proposed paper. We were able 
to deactivate® an activated marmatite ore by treating it with a solution 
of sodium cyanide, a known solvent for the precipitated sulfides of 
copper. After the cyanide treatment the chalcopyrite in the ore could 
be floated in the presence of the marmatite with the ordinary flotation 
reagents, whereas before the treatment the marmatite was floated with 
the chalcopyrite. He was able to activate, deactivate and reactivate the 
marmatite toward flotation. A cyanide solution is more efficient than 
other solvents of cupric sulfide in deactivating marmatite surface because 
the copper goes to form a very stable cuprocyanide ion from which it is 
precipitated as sulfide only with difficulty. This is very strong circum- 
stantial evidence that the mechanism of deactivation is the dissolving 
away of a cupric sulfide film. 


CONCLUSIONS 


We feel justified in the following conclusions: 

1. Copper sulfate, when used as an activator in flotation of sphal- 
erite, forms an invisible but physically detectable film of cupric sulfide 
on the surface of the sphalerite particles, as evidenced by increased 
electric conductivity, by chemical metathesis and by the ability to 
deactivate with solutions of alkali cyanides, which are known as solvents 
of copper sulfides. 

2. Pyrite, chalcopyrite and some of the gangue minerals likewise 
consume copper sulfate. 

3. In neutral or alkaline pulp the first reaction is precipitation of 
basic copper carbonate or copper hydroxide and it is these slightly soluble 
precipitates which are present in solution and suspension during the 
real activation. 

4. The time necessary for efficient activation by copper sulfate, 
hydrate or basic carbonate is only about one minute, although to provide 
good mixing or stirring it is probably wise in any flotation machine to 
allow as much as five minutes. 

5. Evidence has been presented to show that most of the copper 
consumed by sulfide ore is converted to cupric sulfide, through only a 
portion of the copper sulfide is filmed on the zine sulfide. 


6 Patent applications are being made on inventions involving this discovery. 
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6. While the flotation of pyrite is activated by copper sulfate, it is not 
so highly activated and a theory is presented to explain this fact. 

7. Whether the increased flotation of the activated particles is due 
‘ to superior floatability of the sulfides of copper or to the tendency of 
the flotation collector to form a compound with copper, thereby “‘greas- 
ing” the particle surface, is unknown but for the purposes of the present 
investigation it seems reasonable to claim that one important step in 
activation consists in filming zine sulfide with copper sulfide. 


DISCUSSION 


O. C. Ratsron (written discussion).—Since writing the paper on Copper Sulfate 
as Flotation Activator for Sphalerite, I have been informed by A. J. Monks, of Santa 
Barbara, Chihuahua, that he was working at the Broken Hill Proprietary mill in _ 
Australia, about 1911, when Leslie Bradford first tried copper sulfate as a sphalerite 
activator at that mill. It was recognized then as a successful activator, but as 
an acid circuit was in use it was practically impossible to keep pyrite out of the 
concentrate, and the copper sulfate was therefore of value only for ores low 
in pyrite. 


[For further discussion see page 413.] 
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(San Francisco Meeting, October, 1929) 


a BY 
-Durine experimental study on. the separation of a zinc concentrate 


ane 


from the heavy sulfide ores of Jerome, Ariz., a great deal of attention 
_ has been given to proper activation of the Ppnalerite content of the ore. 


o. The sphalerite at Jerome contains enough iron to class it as a marmatite, 


is black in color, but in dry powdered state is brown. A flotation froth. 


as picked specimens have only about 60 per cent. zinc, whereas pure 


zinc sulfide contains 67 per cent. zinc. This marmatite in large pieces 


made from it has a silvery black luster in comparison with a brassy 
luster caused by chalcopyrite which occurs in the same ores. 

The sample used in most of the experiments described below consisted 
of about 3000 lb. of diamond-drill core from the zine-bearing orebodies of 
the United Verde mine, and had the following analysis: 


Per CENT, Perr Cent. Oz. PER Ton 


Cu Be aus Ordete iis igieve: eLe 0.695 Al:O3 retlcetr TEO RO tig 0.83 Ag as GrOhelk cs pVERsliehis a) ehe mr 1.30 
Di idae Stine Oe ee ere Wt Neat Sein eea ies AN & AS OO MENU crcccianisp tenes trays 0.02 
ers erecdie aie arte 30. 207 aCe One ay. t So rr fog 10; 46 

Shh O Pia ain eh ree 9.27 


Mineralogically, this analysis is calculated to the following, which 
is in agreement with the microscopic examination: 


Per CEnt. Par CrEnt. 
(hal Copy Vibert kis bole Ter hcs wiene ZEON ASCHIS tO Atte, Nantel smth. arco te Aes 3.2 
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All samples were ground in a laboratory ball mill in order to leave 
about 3 per cent. on a 200-mesh sieve, fine grinding being essential to 
liberate the minerals in the ore. Most of the Jerome ores are so inti- 
mately crystallized that reasonably complete unlocking by grinding 
does not take place until 800 mesh is approached. Therefore, the 200- 
mesh grind adopted contains a considerable amount of locked mineral 
grains, but not so much as to render impossible the preparation of com- 
mercial grades of concentrate. 


* Director of Research, United Verde Copper Co. 
{ Flotation Engineer, United Verde Copper Co. 
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A previous SuBNeatie oe has presente 
of sphalerite with copper sulfate previou: 
sulfide is formed on the surfaces of the zine ghpeaest 
out this theory of filming, the work described it he present ] 
done, about two-thirds of which involves the use of various | 
copper compounds as activators. ' ‘eb. 


CupRic SuLFATE As ACTIVATOR 


In the previous paper, it was shown that cupric sulfate soba on | 
reacts immediately with the water or the lime solution used for ae 
producing a precipitate of cupric basic carbonate, or cupric hydroxide, a ; 
both of which are slightly soluble in lime solution, and that the cupric i ons 
are replaced by zine ions from the surfaces of the sphalerite particles, — 
thereby forming a film of cupric sulfide. In Fig. 1 are given the Sateen ae 


Rougher Concentrate,Percentage of Zinc 


Percentage of Zine Extraction 


Fig. 1—RECOVERY VS. GRADE OF CONCENTRATE IN ACTIVATING TESTS. rf 


Solid lines, CuSO..5H:0 in increasing amounts. 
Dotted lines, Cu2Cl, in NaCl brine, in increasing amounts. 2 
Figures refer to 0.1 lb. of activator added. ; 


of rougher concentrate and corresponding recoveries in a series of flotation 
tests in which increasing amounts of copper sulfate were added to a flota- 
tion pulp ground as described above, and with sufficient lime present to 
give a causticity titration from 0 to 0.25 Ib. CaO per ton of water when 
the pulp contains 4 tons of water per ton of solids. The solid line in 
Fig. 1 gives these data and the figures opposite each point are the units of 
0.1 1b. CuSO4.5H20 per ton of solids. Starting with the blank test in the 
extreme left of the diagram, increased extractions and increased grades of 
concentration were obtained until 1.5 lb. of blue vitriol had been added. 
From this point on, by suitable adjustment of lime content, increasing 
extractions were obtained at the cost of grade of concentrate without 
further addition of blue vitriol. If, however, the blue vitriol addition were 
increased to 2 Ib. per ton, increase in extraction could be obtained without 


*O. C. Ralston, C. R. King and F. X. Tartaron: Copper Sulfate as Flotation 
Activator for Sphalerite. See page 389, 
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as great a sacrifice in grade of rougher concentrate. Beyond 2 lb. addi- 
_ tion, little improvement in flotation results was possible. 'The method of 
_ operation of the testing machine was to add the lime to the ore before 


grinding in a laboratory rod mill, using about 1 ton of water per ton of ore 
in the mill. The pulp was washed into the flotation machine and diluted 
to a 4 to 1 ratio water to solids, the copper sulfate was added and allowed 


to react for 1 min., after which 0.1 Ib. of pine oil and 0.15 lb. potassium 


amyl xanthate were added for every ton of solids and flotation concentra- 
tion was allowed to proceed for 10 min. with a constant rate of removal 
of froth by means of a paddle. This schedule of operation was adhered 
to throughout all of the tests described below. 


Errect oF Cuprous SALT ON FLOTATION 


If a cuprous salt were substituted for a cupric salt, one might expect — 


the formation of cuprous sulfide as a film on the sphalerite particles 
instead of cupric sulfide. Thenatural cuprous sulfide, chalcocite, is easily 
floatable, whereas the natural cupric sulfide, covellite, is not so easily 
floated. The cuprous sulfide is probably more metallic in nature; it 
certainly possesses a more metallic luster in comparison with the sooty 
covellite. It was therefore anticipated that by substitution of cuprous 
salt for the cupric salt an improvement in flotation results would be 
obtained. The results of a series of tests using cuprous chloride included 
in a solution of sodium chloride are given in the dotted lines in Fig. 1 
in comparison with the results produced by the use of cupric sulfate. It 
can be seen that the results are almost identical with those produced by 
cupric sulfate with the exception that the grade of concentrate is slightly 
lower for any definite extraction of zinc and also that less cuprous chloride 
is necessary to produce a definite extraction. Since 1 lb. of bluestone 
erystals contains 0.255 lb. copper and 1 lb. of cuprous chloride contains 
0.642 lb. copper, 1 lb. of cuprous chloride contains the same amount of 
copper as 2.52 lb. of bluestone. As can be seen from the points in Fig. 1, 
1 lb. of cuprous chloride gave almost the same results as 1.5 lb. blue 
vitriol. We therefore conclude that as far as a comparison between the 
two activators is concerned, the only thing that is of importance is the 
amount of copper used. However, it is not correct to conclude that a film 
of cuprous sulfide is no more efficient than a film of cupric sulfide, for the 
reason that the amount of oxygen dissolved in 4 tons of water is more than 
sufficient to oxidize the copper in 1 lb. of cuprous chloride to the cupric 
condition. It is probable, therefore, that the copper ions actually reach- 
ing the surfaces of the marmatite particles were cupric ions. While it 
might be practical to deoxygenate a flotation pulp before adding cuprous 
chloride activator this experiment was not attempted. 

Cuprous chloride is only slightly soluble in water and, as mentioned 
above, was included in experiments outlined in Fig. 1 as a solution in 


on he use Sal cuprous pein as : 
The curve drawn through the black dots is he same cupro 
in sodium chloride brine as is shown in Fig. 1. The curv: 
by the circles is obtained by the use of cuprous chloride diss: 
strong ammonium chloride brine. This curve is slightly above t. 
duced by the sodium chloride brine and at its right end exceeds in 
of concentrate at a definite extraction the results obtained with 
sulfate. ‘The ammonium chloride brine is a somewhat better solv 
cuprous chloride than is a sodium chloride brine and presumably 
caused the formation of a more finely divided cuprous hydroxide pr 
cipitate when the solution is introduced into limewater. 


Rougher Concentrate Percentage of Zine 


Percentage of Zinc Extraction 


Fig. 2-—RECOVERY VS. GRADE OF CONCENTRATE FOR CUPROUS ACTIVATORS. 


Dots refer to cuprous chloride dissolved in NaCl brine; circles to cuprous chloride 
in NH.Cl brine; crosses to cuprous chloride in NH.OH solution; triangles to cuprous 
chloride in NaGN solution. 


Cuprous chloride is also soluble in solutions of ammonia and of sodium 
cyanide. It was therefore tested as an activator in such complex solu- 
tions and the results are plotted for comparison in Fig. 2. The curve 
through the points represented by crosses is for increasing amounts of 
cuprous chloride dissolved in ammonia. It follows a course radically 
different from the most of this type of grade vs. extraction curves. With 
increasing amounts of cuprous chloride up to 1 lb. per ton, steadily — 
increasing grades and extractions were produced; beyond this amount no | 
further benefit was noticed. With cuprous chloride dissolved in a cyanide 
solution (see the points represented by triangles in Fig. 2) practically 
identical results were obtained. 

In the case of cuprous chloride dissolved in ammonia or in sodium 
cyanide solution, there was some question whether it stayed in solution 
when introduced into the limewater, therefore blank tests were made in 
limewater of the same causticity. The solution became opalescent but 
the precipitated copper hydrate was so finely divided that considerable 
discussion arose as to whether it had been completely precipitated. How- 


lor, Soa otiee: lesiing a clear liquid which gave no test far copper 
ith ammonia. It should be remarked that it was difficult to exclude 


’ + oxygen from the solution of cuprous chloride in ammonia and the typical 
: E _ blue color of the cupric solution was always present. 
’ oe - account of the large amount of oxygen in the limewater all of the cuprous 

_ ion was oxidized immediately to cupric, in the case of the ammonia 


We presume that on 


solution. However, against this presumption must be recorded the fact 
that the activation produced a much more profound effect on extraction 
than it did on grade of concentrate as compared with the previous results 
received with cuprous compounds. It is possible, therefore, that not all 

of the cuprous ion was oxidized during the period of time allowed in 
the experiments. This is especially possible in the case of the 
cyanide solutions. 


Errects oF TIME oF CoNDITIONING 


Whereas in the experiments described only 1 min. was allowed 
for activation, it was thought that there might be a possibility of increas- 
ing the activation by permitting a sufficiently long period of time in which 
the cupric hydroxide precipitate could dissolve to the extremely slight 
amount permitted by its solubility 
and then react with zinc sulfide 
surfaces. The general idea was that 
the effective activation might be 
taking place with only a small 
amount of the total copper. Using 
2 lb. of copper sulfate per ton of ore 
and periods of time from 1 min. to 
60 min. practically identical flota- 
tion results were obtained, which 


Mm 
or 


Rougher Concentrate, Percentage of Zinc 


15 80 85 90 95 
Percentage of Zinc Extraction 


departed by only 1 or 2 per cent. 
from the circle shown in Fig. 3. 


_ Evidently ample copper was avail- 


able for activation even in 1 min. 
Therefore, a second series of tests 
was made in which only 0.5 lb. blue 
vitriol was used. The effects pro- 


Fic. 3.—EFrFrectT OF TIME OF CONDITION- 
ING ON ACTIVATION. 


Tests with 0.5 lb. CuSO..5H2O per tonore.., 


Causticity, 0.24 lb. CaO per ton water. 

Figures are minutes conditioning time. 

Circle is result when 2.0 lb, CuSO..5H:20 
is used, irrespective of time of con- 
ditioning. 


duced by various periods of time of conditioning are shown by the 


line in Fig. 3, commencing at 1 
It will be noticed that 5 min. 


min. and ending with 240 min. 


conditioning time gave a some- 


what enhanced result but that 15 min. gave an almost identical result 


with the 1-min. test. 


zine increased with time at the expense of the zinc extraction. 


Thereafter, the grade of rougher concentrate in 


Appar- 


ently, with careful manipulation 0.5 lb. of blue vitriol is sufficient to 


: fi 
produce the same activation as 2 | 
increasing extent by agitation and aeration ee 

Just what spoils the effect can be explained in: 
First, it might be assumed that the dissolved oxygen in 
ing away the film of cupric sulfide. If so, it should go into : 
be available for reprecipitation on zinc sulfide surfaces. How 
previous paper we mentioned the fact that copper sulfate is also 
cipitated by pyrite, and as the bulk of the ore being tested was made 
of pyrite any copper oxidized away from activated sphalerite surfac Ss 
could be reprecipitated on the pyrite, therefore the oxidizing hypothesis Ss. 
has argument both for and against it. Secondly, the decrease in extrac- S: 
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Fria. 4.—CLEANING AND RECLEANING ROUGHER CONCENTRATE. 


Dots: cleaning (in three fractions) after making rougher concentrate with 1 lb. CusCL 
in NaCl activator. 
Circles: duplicate test. 


Crosses, lower curve: cleaning in three fractions after roughing with 2 Ib. CuSO..5H.O 
activator. 


Crosses, upper curve: cleaning and recleaning after roughing with 2 lb. CuS0.. 5H.0 
activator. 


tion with time of conditioning might be explained on the assumption 
that the film producing activation is fragile and easily abraded away by 
agitation of the pulp. The density of the film on the pure marmatite 
particles is probably greater than on middling particles, therefore a 
middling particle losing a part of its film suffers a greater chance of being 
lost in tailing. This would explain the rise in grade of concentrate during 
the decrease in extraction resulting from long periods of conditioning. 

It is hard to see how the results in Fig. 3 can be explained by any other 
‘of the activation hypotheses which have been presented. To date, the 
filming hypothesis seems to hold the floor. 

Tests were carried out with some of the above rougher froths, giving 
them a cleaning treatment, and some received also a recleaning treatment, 


el i ee ee ee ee oe yy ee oe ee as 


OLIVER C. RALSTON AND WM. C. HUNTER 407 


The purpose was to study the rise in grade made possible coincident with 
definite amounts of extraction when the activated sphalerite was further 
treated. Each of these tests lasted 10 min., therefore each activated 
particle that was floated had been subjected to flotation conditions for a 
maximum of 20 min. total time. A great part of the material floats during 


the first 3 min. of a 10-min. test, therefore the larger proportion of the 
‘mmaterial had agitated and aerated in the flotation machine about 6 min. 


only. However, one might expect a certain loss in extraction with this 


_ increased period of aeration as compared with the rougher tests. The 
- curve in Fig. 4, passing through the dots, was made by a single cleaning 


treatment of rougher concentrate produced by 1 lb. of cuprous chloride 
dissolved in sodium chloride. During cleaning, the clean concentrate 
was taken off in three fractions, so that the dot farthest towards the left 
represents the first cleanest fraction, the second dot represents the results 
obtained by combination of the first and second fractions, the third dot 
represents the results obtained by adding all three fractions of the froth 
together, and the fourth dot, which is farthest toward the right, represents 
the calculated original rougher concentrate. 

The curve passed through the open circles in Fig. 4 is a duplicate 
test made for the purpose of determining the reproducibility of a roughing 
and cleaning test. As can be seen, for a given extraction the various 
grades of cleaner concentrate are about 2 per cent. higher than in the 
first test. The curve passed through the crosses is almost identical with 
the curve passed through the dots, but was produced by the use of 2 1b. blue 
vitriol during the roughing treatment. Again, to allintentsand purposes, 
the use of cupric and cuprous salts gave practically identical results per . 
pound of copper involved. ‘The upper curve, delineated by three plus 
signs, represents the concentrate produced by roughing with 2 lb. of blue 
vitriol, followed by cleaning and recleaning. 


OrGANIC SALTS OF CopPpER AS ACTIVATORS 


While it has been assumed that the first film produced on marmatite in 
this ore is a cupric sulfide film, it is entirely possible that it is later altered 
by the potassium amyl xanthate to a cuprous amyl xanthate film. This 
hypothesis was tested by using cuprous amyl xanthate prepared sepa- 
rately as a combined collecting and activating agent. 

The cuprous amyl xanthate used was an insoluble powder which was 
stirred into the pulp. It was felt that while its solubility was very low the 
solution would come in contact with zine sulfide particles and the copper 
be replaced by zinc, thus filming the zine sulfide surface with copper 
sulfide and also a precipitate of zinc xanthate which would be intimately 
entangled with the copper sulfide and tend to be water-repellent. Prac- 
tically no concentration took place when pine oil was used as frother and 
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cuprous amy! xanthate as combine 

Only when a solution of potassium a 
did appreciable concentration take place anc 

- copper sulfate had to be added before acceptable ext ns and ¢ 

rougher concentrate could be produced. Evidently, when solu 

copper sulfate and potassium amyl xanthate are added separate 

ore pulp they function in a different fashion from their ultimate re 

product, cuprous amyl xanthate. Our usual procedure was to 

the cupric sulfate solution to the ore pulp and stir for 1 min.; 

xanthate solution was then added, and finally pine oil, to produce a frot 

This gave an opportunity for the copper sulfate to react with the lime- _ 

water in the pulp to produce cupric hydroxide, followed by filming of the cs 

zine sulfide particles with cupric sulfide by direct metathesis—all this 

. rie 
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Fig. 5.—ORGANIC SALTS OF COPPER AS ACTIVATORS. 
Dots: copper oleate. 
Circles: copper resinate. 
Crosses: triethanol amine cupric chloride. 
Triangles, lower curve: roughing with copper aniline chloride. 
Triangles, upper curve: roughing and cleaning with copper aniline chloride. ae 


taking place before xanthate was added. What happens on the addition 
of xanthate as collector we do not know. It is certain that suspended 
particles of cuprous amyl xanthate in the ore pulp are of little value as 
activator or collector, either due to insolubility or to slow reactivity. 

To further test the hypothesis of forming organic copper salts as films 
on the marmatite particles, a series of other organic compounds of copper 
were tested and the results are plotted in Fig. 5. For instance, using 
copper oleate one might expect that this slightly soluble salt, if it 
were acted upon at all by zine sulfide, would produce a film of copper 
sulfide on the marmatite and that the zinc oleate resulting would also 
remain as a film mixed with the copper sulfide. The surface would 
thereby be greased effectively and should be subject to flotation concen- 
tration. In Fig. 5 the curve passing through the dots was made with 
copper oleate, the point farthest to the left being a blank without any 
activator or collector and the other two points being increased amounts of 
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a ¢ analyses of the concentrates were almost identical with that of the original 
ore. If activation was taking place it was nonselective. 
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uads combined eve ee ns palleaton It was found neces- 


0 o add ayall amounts of xanthate to act as a gen enlels because none 


] copper. ane earns an increase in extraction the grade of concen- 
ate fell off so that practically no concentration was effected. The 


The same results were obtained with copper resinate, of which the 
curve is represented by the circles in Fig. 5. Both the resinate and 
oleate had to be dissolved in benzene in order to be dispersed through the 
flotation pulp. Both gave froth which was extremely heavy, tough and 


_ dirty and the results were totally uncommercial. 


The reaction product produced by treating triethanolamine with 


_ cupric chloride solution was tested and the results are represented by 


crosses in Fig. 5. Increased amounts caused increased extraction of the 
zinc without much increase in grade until 75 per cent. extraction was 
approached, beyond which the grade was increased perceptibly, but the 
results are nowhere as favorable as those produced by ordinary copper 
sulfate activation. 

Copper aniline chloride is another compound which was tested and 
which gave reasonably satisfactory results. It and others of the com- 
pounds produced from the organic bases with cupric chloride have been 


patented by R. B. Martin.? The results of rougher tests are represented 


by the horizontal line through triangles in Fig. 5. The ground sample of 
ore being tested had oxidized slightly so that the point farthest to the left 
was somewhat slightly activated in comparison with the usual blank on 
this ore, as represented by the crosses farthest to the left. Amyl 
xanthate had to be added as a collector during these tests and the copper 
aniline chloride functioned merely as an activator. Without the amyl 
xanthate very low recoveries were obtained. At the right end of this 
line on the diagram, passing through the triangles, the grade of concentrate 
and extraction is quite acceptable in comparison with the work of copper 
sulfate. Therefore, two fractionated cleaning tests, comparable with those 
shown in Fig. 4, were carried out and are shown by the upper line passing 
through triangles in Fig. 5. Compared with the cleaning tests in Fig. 4, 
it can be seen that the grade of concentrate produced for any definite 
extraction is about 2.5 per cent. lower than when copper sulfate was used 
as activator. This is not a great difference, therefore it is concluded that 
once more the important thing is the amount of cupric ion available and 
not the acid radical to which it is attached. In fact, having the copper 
attached to various organic radicals is likely to introduce into the pulp 
a reagent that causes nonselective flotation. 


2 U.S. Patent 1686529, Oct. 9, 1928. 
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zinc sulfide to rf its stieataoe toward flote ion, sé 
lower in the electromotive series than zinc were likewise tested. 
on several of these are plotted in Fig. 6, Wwhoroas the results: on § 
others were not plotted. wanes 
Mercury is sufficiently below zinc in the electromotive series to 
rapidly and completely precipitated by zinc from its solutions, and it~ 
was therefore expected that solutions of mercury should be efficient in 
filming zinc sulfide particles with the sulfides of mercury; also, it is known — 
that the natural mercuric sulfide, cinnabar, is one of the most easily 
floated sulfide minerals. The results in Fig. 6 are therefore of interest. 


Rougher Concentrate, Percentage of Zinc 


Percentage of Zinc Extraction - 
Fra. 6. —MIscELLANEOUS INORGANIC SALTS AS ACTIVATORS. a 
Dots: mercurous chloride as activator. : 


Circles: mercuric chloride as activator. 
Crosses: cadmium chloride as activator. 
Figures on plot, units of 0.1 Ib. of reagent used. 


The curve represented by dots is for increasing amounts of mercurous 
chloride used as an activator and the figures on the plot represent units 
of 0.1 lb. of reagent used per ton of ore. The curve does not have as 
pronounced curvature nor as high grade of concentrate at medium 
extractions in the plot as do the copper sulfate and cuprous chloride curves, 
but for the higher extractions the grades of concentrate are comparable ‘ 
with those produced by copper sulfates. The same is true for mercuric 
chloride as an activator, as shown by the curve passed through circles. 
The mercurous and mercuric salts give almost identical results, and again 
we suspect the oxidation of the mercurous ion to mercuric condition by the 
dissolved oxygen in the pulp. Since nearly 1 lb. of these salts is necessary 
to produce the same effect as 1 Ib. of cuprous chloride or 2 Ib. of cupric 
sulfate, the higher cost of the mercuric salts will probably make them of no 
value as activators. If, however, means could be found for making one 
unit of one the mercuric chlorides do 10 times the work of one unit of cop- 
per sulfate, there might be possibilities of economy. 
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Lead acetate was tested as an activator with practically negative 


; — results. Lead is nearer to zinc in the electromotive series and apparently 


E itis not being precipitated as the easily floatable lead sulfide on the sur- 
faces of the zine sulfide particles. 


Cadmium chloride was tested as an activator with the results shown 
by the crosses\in Fig. 6. The sample used had been ground for some time 
and was slightly activated by the oxidation of the copper minerals con- 
tained in it, so that blank test gave unusually high recovery and grade 
of concentrate. With inéreased additions of cadmium chloride the grade 
and extraction were both depressed profoundly. Zinc salts are also 
known to be depressants for the flotation of zinc sulfide and apparently 


‘cadmium ions are acting in the same way as zinc ions. 


Silver nitrate was likewise tested as an activator with results that are 


best shown in Table 1. 


TaBLE 1.—Results with Silver Nitrate as. Activator 


AgNOs, Lb. per Ton Zinc Extraction, Per Cent. Zine Concentration, Per Cent. 
None 35 8 
0.5 76 13 
1.0 69 16 
2.0 41 13 
4.0 32 7 


Its addition in small amounts activated the marmatite favorably, the 
principal effect being increased extraction. However, increasing amounts 
of silver nitrate depressed extraction from the optimum possible with an 
intermediate amount of the reagent, simultaneously raising the grade, as 
is usual when extraction is being gradually depressed. With still greater 
amounts both extraction and grade suffered and the effect was similar to 
that of the cadmium salt. It is possible that with the copper or mercury 
salts similar effects of large amounts of activator would be found, but 
silver salts were the only ones tested from this standpoint. The most 
favorable effect demanded too much silver salt to be of value commer- 
cially, so further tests were abandoned. 

The effects of these various metallic salts, whose cations should be 
dischargeable by zinc, may be summarized qualitatively in Table 2. 
This table is arranged roughly as an electromotive series, showing that for 
metal salts of the ordinary commercial acid anions the cations have 
activating effects increasing along the electromotive series from silver up 
to copper, where the optimum effects were observed. On reaching lead 
no effect was observed, whereas cadimum and zinc were active poisons. 

The conditions used in the tests were as follows: alkaline (with lime) 
pulp, 1 to 5 min. time of contact, use of potassium amyl xanthate as col- 
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/ mercuric- _ 
; Mercurict. seen: cee Fair - Good 
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Beadlahs =. te, cuca ttet com ae None None Practically inert. 
. 
a Cadmium. ee ene Depressed Depressed 
? ZINC Pk tet, ee aeetaee ome Depressed Depressed = 
lector and pine oil for frother. These flotation conditions are known to be 


well suited to copper mineral flotation. Other conditions might permit _ 
some of the other cations to show up better. The are of the — 
copper salts might be ascribed to numerous causes: 

1. Copper xanthate films may be the least soluble. 

2. Copper xanthate films may be the easiest to form. 

3. Copper sulfide films may be the best adherent. 

4. Solubility of cupric hydroxide may be the most favorable. 
Whatever the cause, tests having shown that under present conditions 
no other metal salt had any advantage over copper as an activator, the 7 
subject was dropped. It is a coincidence that the activator so far best 
suited to the purpose was the one first found. . 


SUMMARY i 

1. Using flotation conditions well adapted to use of cupric sulfate 
as a collector of marmatite into a flotation froth, it was found that 
cuprous salts gave no improvement in performance and pound for pound 
of contained copper the same results were obtained whether cupric or 
cuprous copper was used. This might be explained by oxidation of 
cuprous to cupric condition by dissolved oxygen in the ore pulp. 

2. Mercuric and mercurous salts were also activators of about equal 
power, but were not as good as the copper salts. 

3. Starting with cupric copper and passing to silver in the electro- 
motive series the activating effects decreased, especially with respect to 
the grade of rougher concentrate produced. Starting with copper and 
going the other direction in the electromotive series as far as zinc, lead 
salts are inert, cadmium salts are toxic and zine salts more toxic. 


Ai 


2 eu ric sulfate as an ee re been unsatisfactory. 


5. The best activator found for flotation of sphalerite (marmatite) 
is the one commonly in use, copper-sulfate. 
6. No matter in what form the copper was introduced into the alkaline 


pulp it was found to be immediately precipitated as either carbonate, 


hydrate or basic sulfates or carbonates, these being slightly soluble 
precipitates which nevertheless seem to be the actual activators that 


react with the zinc sulfide particles to form films of cupric sulfide. 


DISCUSSION 


[This discussion refers also to the paper by O. C. Ralston, C. R. King and F. X. 
Tartaron, which begins on page 389.] 

R. Macres, Villemagne, Gard, France (written discussion).—The subject of the 
activation of Piieries for Potations is one that has been of great interest to me for 
some time and I have done some test work on the problem. These two papers have 
therefore been read with particular interest. 

The ore I have to work with assays about 3 to 4 per cent. Pb; 6 to 8 per cent. Zn; 
2 per cent. Fe. The ore coming from the mine is rather badly oxidized and in some 
cases as much as 10 per cent. of each metal has been found in an oxidized state. 

The bulk of the lead is present as galena. The sphalerite varies from a very dark 
blende (black jack) to very pale straw yellow (amber jack). The oxidized zinc 
minerals are carbonates and silicates and there are traces of zinc sulfate. A small 
amount of pyrite also is present. 

In milling, the ore is ground to 75 per cent. —200 mesh and a differential float 
made in a soda circuit, using Aerofloat for the lead flotation. No zinc depressants are 
found necessary in the lead rougher circuit but a very small amount of these agents 
(cyanide and zinc sulfate) are used in the cleaning of the rougher lead concentrate. 
It is thought that there is sufficient depressant (zinc sulfate) in the ore itself for the 
first rough differentiation. Most of the blende that floats with the galena in the 
roughers is of the lighter colored varieties. 

The zine float is preceded by conditioning with copper sulfate, xanthate and pine 
oil being used as frothers. The mill results have not been good; the tailings assay 
high in sulfide zinc. 

A point of interest in the ordinary conditioning with copper sulfate noted here is 
that if the copper sulfate is added after contacting with extra soda and the frothers 
(xanthate and pine oil), the results seem to be slightly better than if the copper sulfate 
is added directly. Under these conditions the time of contact with the copper sulfate 
is only the short interval of time occupied in the pumping (by Wilfley pump) of the 
conditioned pulp to the zinc roughers. 

It should be noted that the make-up soda is added, not in the grinding, hut in 
the conditioning tank, the return circuit water being sufficiently alkaline for the 
lead float. 

In order to account for the high tailing assay Gn sulfide zinc) the idea presented 
itself that while there is undoubtedly oxide of zinc in the ore, the blende crystals, 
or some of them, even after grinding to the degree mentioned, might be enveloped in 


films of oxide, which would, if not cteiuie a 
sulfate in conditioning. It is, of course, well known the 
carbonate are powerful solvents of zinc oxides. It wai ore, 
and clean up the blende crystals by the addition of ammonia oe! the co. n 
circuit. In the laboratory this has produced spectacular results. ee 

Whereas previously the froths produced were rather thin and tise flotation ion slo 
the addition of ammonia produced much denser froths of very nice bron: ‘ 
blende. The idea has not yet been given a proper tryout on a large scale in th 

The point at which the ammonia is added in the conditioning seems to. 
important one. If the ammonia is added at the same time as the copper sulfat 
particular improvement is noticed over ordinary conditioning without ammo 
If it is added after the copper sulfate, the results are even worse; but if it is adde 
before the copper sulfate, the results are good—better than in ordinary mill practice. 

The best combination seems to be: Agitation for 10 min. with ammonia and i ? 
frothers (xanthate and pine oil) followed by 5 min. agitation with copper sulfate. — 
If the frothers are added after the copper sulfate, 7. e., just before flotation, resulta baat 
are not so good. 

The short contact with the copper sulfate is noteworthy. The alkalinity of the che 
circuit before adding the ammonia is an important factor. It-is thought that the 
ammonia may perform other functions than that of merely cleaning the faces — 
of the blende crystals. Ammonia is, of course, a solvent for copper carbonates 
produced in the alkaline circuit. If free ammonia or ammonium carbonate are 
present in the circuit, there can be no doubt that the copper will remain in solution 
ready for reaction with the blende (unless it is precipitated as xanthate of copper, 
which appears to be insoluble in solutions of ammonia). 

I doubt whether basic carbonates of copper are sufficiently soluble in the mill 
circuit water, They may form “colloidal solutions.” I should imagine, however, 
that chemical reaction between a colloid and a solid would be slower than between a 
true solution and a solid. 

The ammonia may also act asa dispersion agent in a beneficial manner to the 
flotation of the blende. 

As strong ammonia is not pleasant stuff to handle in bulk, it was thought that 7 
perhaps a fixed salt (sulfate, chloride, nitrate, etc.) would act in the same manner if * 
sufficient soda were added at the same time to actually liberate ammonia (or car- 
bonate) in the circuit. Although the froths produced by the use of these salts were : 
of the same kind as with ammonia, the tailings were not so clean. The concentrates 
produced, however, were of higher grade. 

By making settling tests of the tailing produced by the use of salts of ammonia, 
it was found that the slime was highly coagulated, whereas with ammonia it was 
well dispersed. 

Ammonium bicarbonate did not produce such good results as the hydrate. ; ; 

I wish to thank the authors for their interesting papers and would like to ask 
if they have done any work with the use of ammonia or cuproammonium salts in 
activating blende, or if they are aware of such work having been done. 


O. C. Raustron (written discussion)—Mr. Macefee’s experience in the use of 
ammonium salts in connection with copper salts as activators is interesting. He 
asks if we have had experience along this line. One of the papers mentions the use of 
cuprous chloride dissolved in ammonia. In that case we used the ammonia as a means 
of producing a soluble copper compound, which could be introduced into an alkaline 
pulp. As noted in Fig, 2 (p. 404), a rougher concentrate produced under these con- 
ditions tends to be lower in grade than when copper sulfate is introduced directly into 
a lime pulp. 


RRA CORRES 
DISCUSSION 


hydrate i is not usually cea as a potlibls salt but it is far from being an 
luble salt and its solubility in distilled water is measured by the conductivity 
ted to the water. This is the common way of measuring solubility of slightly 
_ soluble compounds. 
‘ Even chalcocite will dissolve in lime water rapidly enough to activate sphalerite. 
We can obtain differential flotation of chalcopyrite away from unactivated sphalerite 
but the presence of chalcocite causes activation of the sphalerite to the same floata- 
bility as the chalcopyrite and prevents differential separation. With chalcocite, the 
; explanation probably lies in its ease of oxidation, which forms the more soluble hydrate. 


H. W. Harpiner, New York, N. Y.—There have been many cases where a man 
can get by his process more than can be obtained by assay and not by the well known 
“salting”. methods either. I did that unknowingly by the use of differential flota- 


- bulk flotation; namely, the Elmore bulk flotation process. We separated the oil from 
_ the he by the use of a centrifugal separator. The original ore contained 
about 2.5 per cent. copper. Concentration ratio was about 7/1, as there was a large 
_ percentage of iron in the ore. On this basis we should have obtained between 17 and 
18 per cent. copper in the concentrate on the basis of 100 per cent. extraction. We 
shipped carload after carload that actually ran 22 per cent. in copper. Apparently 
I gained 125 per cent. of the values. If anybody can do better than that, let them go 
ahead and trot it out. 
I did not know at that time that I was practicing differential flotation, although 
I did know how to account for the discrepancy after it developed. It is one of the 
interesting things that will often come up, where, as I say, we get more than 100 
per cent. of extraction, but it was through what has been developed that we have 
differential flotation as explained here today. 


C. E. Locks, Cambridge, Mass.—In the south, Ralston, and in the north, Gaudin, 
now are really translating flotation; they are making it intelligible to us who have 
not come up in the realms of physical chemistry and electrochemistry and so forth. 
__ T will confess frankly that I was lost in the old maze of flotation theory; in fact, I 

think Mr. Ralston himself has presented us with some of the older flotation theory, 

_ but now we are getting down to an intelligible basis for knowing what flotation is. 
It is developing a new realm of chemistry, minute chemistry. Flotation reagents 
today are perhaps in the order of 0.1 lb. per ton of ore. That is one part in 20,000, 
and as the dilution is often 5/1 it means that we have to deal with a chemistry of one 
part in 100,000. That is beyond the ken of ordinary quantitative determination. 

Mr. Ralston has spoken about invisible films. What we have to do, I suppose, 
is to get a magnifier that will enable us to see those films, but the work which he has 
done is to make the whole thing understandable. We can understand how these 
chemical reactions are taking place, how the copper sulfate reacts; and it merely comes 
down to our old simple chemistry of just getting reactions to coat or uncoat, dress or 
undress, if you please, the mineral particles so that they will rise or fall exactly as 


we want them. 


R. Gaunt, Berkeley, Calif—The development of the flotation process in a theo- 
retical way has so far been confined to the universities and colleges. We all know about 
the splendid work done by the University of Utah, by Columbia University and by 
the Massachusetts Institute of Technology along those lines, but the encouraging 
feature of these papers is that now a mining company is coming into the field and 
contributing theoretical ideas on this obscure subject. I think we all should 
value greatly the contribution which the United Verde Copper Co. is making in 


that direction. 


tion. In 1903, I was operating a mill at Massey, Ontario, where we used original - 
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been stumbled ae yw 
“blundering empiricism.” 

The particular piece of won seaataay't in ene scussi 

- designed to give a closer understanding and thereby ° tiv: 
sphalerite. We may accomplish no more than has been sons int ops 

do it more intelligently eo probably more pee aa lly by! thy u 

_ what we are doing. - 

Some of the remarks on what the Research Department of the | a 


that the results sauld have sbieitife as aiid as mtcecie ahaa 
research can be carried out methodically in that way, although such an insp 
genius as T. A. Edison stands for trying out every conceivable thing in a 
, less haphazard fashion. Careful thought and planning, with hypothesis at the basis 
¥ of it all, even though the desired result is a commercial one, will bring results 
are really of value theoretically. { 


ie This does not represent the work of many months or years, Professor Lay b 

ES only two or three months’ work on the part of two or three men. The first pap 

a contains results of two months’ work by one man and the second paper a similar 
e amount of time by two men. Incidentally, we discovered how to treat our ore, which 
air had previously been a difficult one; or, as we say in the Southwest, a ‘‘maverick.’”” 


Effect of Xanthates, Copper Sulfate and Cyanides on 
Flotation of Sphalerite 


By A. M. Gaupin,* Burrs, Mont. 
(Spokane Meeting, October, 1929) 


OF THE various reagents employed in the flotation of zinc-bearing 
ores none have attained the wide popularity that is enjoyed at present by 
xanthates, copper sulfate and cyanides. This situation suggests the 
existence of an unusual dependence in the reactions of these chemicals and 
of sphalerite. A study of the flotative characteristics of sphalerite when 
using xanthates as collectors, as related to the chemical properties of 
copper salts and cyanides, has therefore been conducted at the Uni- 
versity of Utah by the writer and his associates! during the period of 
1926 to 1929. 

In perusing the technical literature concerning the flotation of 
zine ores and of zinc-bearing lead and copper ores, a striking and general 
lack of agreement as to the floatability of sphalerite was observed. The 
underlying cause for the erratic behavior of sphalerite has not been 
definitely ascertained but the presence in various proportions of iron 
sulfide in solid solution in the sphalerite has frequently been implicitly 
regarded as a major factor in this respect. Although the effect of iron 
sulfide in solid solution in sphalerite has not been investigated in rela- 
tion to the behavior of sphalerite in flotation, it is likely that it is not 
as important a factor as was thought at one time. The variable float- 
ability of sphalerite has led to the use of fairly large amounts of cyanide 
to prevent its flotation in the case of certain ores, whereas mere frac- 
tions of that amount of cyanide, or even none at all, have been sufficient 
to achieve the same result for other ores.2 Similarly, the amount of 
copper sulfate used to promote the flotation of sphalerite has been found 
to vary widely. 


Errect or Copper SALTS IN DISTILLED WATER ON SPHALERITE 


In the work at the University of Utah, over a year was spent in futile 
attempts at duplicating experiments until it was discovered that the 


* Research Professor of Ore Dressing, Montana School of Mines. 
1A. M. Gaudin, C. B. Haynes and E. C. Haas: Flotation Fundamentals, IV. 
Utah Eng. Expt. Sta. Tech. Paper 9. 
2A. W. Fahrenwald: Flotation Practice in the Coeur d’Alene District, Idaho. 
Flotation Practice, A. I. M. E. (1928) 122. See Table 9. 
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distilled water in use contained copper salts in amount large enough to 
affect the floatability of sphalerite yet small enough to remain undetected 
by ordinary analysis. The copper was picked up by the distilled water in 
course of storage in a tin-lined copper tank whose lining had worn in 
places, and it occurred to a concentration varying from 0.1 to 1.5 part per 
million. As soon as experiments were conducted with copper-free 
distilled water made from the distillation in a pyrex flask of alkaline water 
containing potassium permanganate and collected in glass, the con- 
cordance between duplicate experiments became satisfactory. 

In connection with the finding that distilled water had to be absolutely 
copper-free to be used in testing the floatability of sphalerite, it was 
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Fic. 1.—FLOATABILITY OF SPHALERITE WITH AMYL XANTHATE AND ETHYL XANTHATE., 


established that washing sphalerite with 20 times its weight of distilled 
water containing copper to the extent of 0.1 part per million more than 
doubled the recovery of copper-free sphalerite with potassium ethyl 
xanthate. That activation of the mineral should follow the addition of 
such a minute amount of a copper salt is very remarkable from a chemical 
standpoint. It is highly suggestive, also, from a practical standpoint, 
inasmuch as very few zinc ores are so entirely free of copper as to preclude 
the presence of sufficient oxidized copper salts to produce some activation. 
If the hypothesis that all sphalerite is more or less activated by the copper 
salts that occur with it in nature is true, the variations in results reported 
in floating zincky ores would immediately be explained, both in what 
concerns the effect of xanthate alone, and in what concerns the desirable 


amount of cyanide to prevent the flotation of the sphalerite and of copper 
sulfate to promote it. 


Eo 
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FLOATABILITY WITH XANTHATES 


To establish the exact floatability of sphalerite with ethyl xanthate, 
experiments were conducted on an especially copper-free coarsely crystal- 
line sphalerite which had been deslimed in copper-free water (Table 1). 
Under those circumstances the floatability of sphalerite was found to be 
substantially nil, even if large amounts of xanthate had been used. 
In fact, the floatability of pure sphalerite with ethyl xanthate is less than 
that of cerussite or that of malachite (if determined in the absence of these 
oxidized minerals so that salts from their surface cannot activate the 
sphalerite). The floatability of sphalerite when using amyl xanthate 
as the collector is small, although it is larger than with ethyl xanthate 
(Fig. 1) in accordance with Traube’s rule? of which the applicability to 
flotation has already been indicated.‘ 


TaBLeE 1.—Analyses of Sphalerite* 


Chemical Analysis Sizing Analysis after Desliming 
Element | Per Cent. Microns Mesh Weight, Per Cent. 

Zn. mi 64.7 —208 + 147 — 65 + 100 2.4 
Si A oe ee Ladd 6 —147 + 104 | —100 + 150 21.1 
Fe.. | ea! —104 + 74 | —150+ 200 22.3 
(oi Geen ce eens = G | 0.15 — 74+ 52 —200 + 280 20.2 
iSO US hac cpame saris sd 0.55 = BY ame Gy! —280 + 400 16.5 
CINE hot ere None — 37+ 26 | —400 + 560 IBA 
Be cae iig ate Sol None — 26+ 18 | —560 + 800 3.9 

ibs} —800 iL bY 


« Reproduced from Flotation Fundamentals, IV. (See footnote 1.) 
> By difference. 


The nonflotation of pure sphalerite when using ethyl xanthate as 
collector is in agreement with the substantial lack of abstraction of 
xanthate from solution by the mineral. (See Table 4.) 


ACTION OF CopPpEeR SALTS ON SPHALERITE 


From a geological standpoint, the action of copper sulfate and of 
similar salts on sphalerite has long been known, some experiments having 
been reported as far back as 1911, by Rogers,*® who found that visible 
blue-black coatings formed on sphalerite upon prolonged treatment with 
strong, hot copper sulfate solutions. Rogers’ experiments were repeated 


3H. Freundlich: Colloid and Capillary Chemistry. New York, 1926. Dutton. 

4A.M. Gaudin: Flotation Fundamentals, I. Utah Eng. Expt. Sta. Tech. Paper 1. 

5 A. F. Rogers: Columbia School of Mines Quarterly (1911) 32, 298; quoted in Clarke’s 
Data of Geochemistry, 5th Ed.; U.S. Geol. Survey Bull. 770. 
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and the same results obtained, Fig. 2 being a photograph of one of the 
coatings so obtained. 

The presence of copper in the coating was established by a micro- 
chemical analysis of spalls from the mineral surface and by qualitative 
tests on the liquor obtained by leaching the coated sphalerite with a strong 
cyanide solution. Little doubt remained that the coating was a copper 
sulfide—a conclusion already reached by Rogers and by Gates and 
Jacobsen.® Lack of reaction between the coating and a silver nitrate 
solution further showed the coating to be covellite, CuS, which is in 
complete accord with the reaction: 


ZnS + Cutt @ CuS + Znt** [1] 
Reaction 1 is of the double decomposition type and should proceed from 


left to right since the solubility product of zinc sulfide is acknowledged to 
be larger than that of cupric sulfide :7 


[ZnS 1 > [Cur S—} [2] 
The activation of sphalerite by copper sulfate in very small concentration 


is also in agreement with the fact that the solubility product of cupric 
sulfide is extremely small compared to that of zine sulfide. 


Rate oF REACTION OF COPPER SALTS WITH SPHALERITE 
Several attempts were made at measuring the rate at which reaction 


1 proceeds. Table 2 summarizes the results obtained and brings out the 


TABLE 2.—Rate of Reaction* of Copper Nitrate with Sphalerite 


Milligrams of Copper Nitrate Abstracted by 25 Grams of Sphalerite Having a Surface 
of about 650 Square Centimeters per Gram from 25 Cubic Centimeters of Solution 


Time of Contact 
Copper Nitrate in Contact with at 
the Mineral, Mg. ae ee a ae ae 
15 Minutes 30 Minutes 

6.25 6.25 ee 

12-5 8.8 12.3 
25.0 10.0 — 
62.5 —— 13.7 
Gono 12.0 —-- 
312.5 16.7 

1562.5 —_—— 20.25 


“ Reproduced from Flotation Fundamentals, IV. (See footnote il) 


interesting fact that removal of an amount of copper sufficient to form a 
thin coating of covellite takes place rapidly, but that a considerable 


* Thesis, University of Utah (1925). 


“F, P. Treadwell (Translation by W. T. Hall): Analytical Chemistry, 1, Quali- 
ative analysis. 4th Ed. J. Wiley & Sons, New York. 
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increase in the time of contact or in the concentration of the solution is 
necessary to bring about a substantial thickening of the coating. The 
rapid formation of the coating on sphalerite by a copper sulfate solution— 
which is slightly acid—is no evidence, of course, that the same occurs in 
alkaline circuits in which the copper salt is precipitated as a carbonate, 
a hydroxide or a basic carbonate. But it should be mentioned that 
sphalerite conditioned for some time with malachite grains is considerably 
activated, no doubt because of solution of the copper from the malachite 
and migration of the copper ions to the sphalerite surface; the same 
effect is obtained in the case of sphalerite treated in alkaline pulp with a 
copper salt, and the explanation is no doubt the same. The only differ- 
ence between treatment in a copper sulfate (acid) pulp and copper sul- 
fate pulp made alkaline lies in the concentration of the cupric ion which 
is active. This concentration decreases as the alkalinity of the solu- 
tion increases, so that a longer condition time is necessary in alka- 
line circuits. 

The fact that the covellite coating at the surface of the sphalerite 
forms slowly in the later stages (which involve a diffusion in the solid 
state or a partial loosening of the coating with infiltrations of the solution 
below the coating) gives grounds for believing that a coating one atom 
thick must be substantially completed before the second atomic layer 
begins to form. Thus, the mental picture of sphalerite painted by 
covellite to the depth of one atomic diameter behaving as covellite 
rather than sphalerite is not a dream but a probability of high order. 

The use of cyanide in preventing sphalerite from floating in lead or 
copper circuits of complex ores has become established as standard 
practice, and from the start it has been assumed—and even demon- 
strated’—that cyanide ‘‘sickened”’ or ‘‘deadened”’ sphalerite by modify- 
ing its surface. The joint use, in practice, of cyanide and zinc sulfate, 
and the fact that a comparatively insoluble zinc cyanide forms in con- 
centrated solutions befogged somewhat actual the effects of each of 


these reagents. 
CyanipEs Do Nor Inuit UNAcTIVATED SPHALERITE 


It has already been pointed out that ethyl xanthates do not collect 
sphalerite. In order to test the alleged depressing action of cyanides, 
it became necessary to use collectors other than the ethyl xanthates. 
Neither with amyl xanthate, thiocresol nor amyl mercaptan, all of which 
collect sphalerite to some extent, was any depression of the mineral 
obtained upon addition of cyanides—even if large amounts were used— 


8. L. Tucker and R. E. Head: Effect of Cyanogen Compounds on Floatability of 
Pure Sulfide Minerals. Trans. A. I. M. E. (1926) 73, 354. See also A. F. Taggart, 
T. C. Taylor and C. R. Ince: Experiments with Flotation Reagents. Pages 320 to 


323, this volume. 
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proper allowance being made, of course, for the change in pH brought 
about by hydrolysis of the added cyanide: 
CN- + H.0 @ HCN + OH- [3] 
The negative character of the tests designed to bring out the depress- 
ing properties of cyanides on sphalerite made it appear unlikely that coat- 
ings should form on sphalerite as a result of treatment in a cyanide 
solution. It suggested also that little or no abstraction of cyanide 
should follow treatment of a cyanide solution with sphalerite. In 
agreement with Taggart, Taylor and Ince,’ no coatings were observed. 
Abstraction tests resulted in a very small consumption of cyanide and 
in the solution of minor amounts of zine. Thus, far from forming coatings 
on the surface of sphalerite, cyanides seem to dissolve it to a slight 
~ degree.’ Such a chemical behavior is in agreement with the flotation 
result that cyanides do not depress pure sphalerite. 


DEACTIVATION BY CYANIDES OF COPPER-ACTIVATED SPHALERITE 


The behavior of copper-activated sphalerite upon treatment by a 
cyanide solution is very different from that of pure sphalerite, both from 
a flotative standpoint and from a chemical standpoint. Table 3 shows 
that cyanide deactivates sphalerite previously activated by copper 
sulfate, and points to the importance of the relations between cyanide 
ion, cupric ion and copper sulfides in explanation of the action of copper 
sulfate and cyanides on sphalerite. 


TaBLe 3.—Deactivation of Sphalerite Previously Activated by Copper 
Sulfate 


Amount of Reagents, Pounds per Ton 


Terpineol poscesaes Eine Sodium Cyanide Copper Sulfate Recovery, Per Cent. 
0.20 0.50 | 0 
0.20 0.50 | 0.1 100 
0.20 0.50 1.0 eal 0 


“Reproduced from Flotation Fundamentals, IV. (See footnote 1.) 


Copper forms two slightly soluble cyanides:"! a cupric and a cuprous 
cyanide. Cuprous cyanide is more stable and forms from the former by 
elimination of cyanogen, the reaction being: 

Cu(CN)2 = CuCN + 14(CN). or [4] 
Cutt + CN- & 16(CN). + Cut [5] 


9 Loc. cit. 


0K. 8. Leaver and J. A. Woolf: Rept. of Investigations, U. S. Bureau of Mines, 
Ser, 2883 (July, 1928). Also, Effect of Copper and Zine in Cyanidation with Sulfide- 
acid Precipitation, this volume. See Table 9, page 536. 


1! J. W. Mellor: A Comprehensive Treatise on Inorganic and Theoretical Chemistry. 
Longmans, Green & Co. New York, 1922-29. 
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Cuprous cyanide is readily soluble in excess cyanide, forming a complex 
ion whose exact formula has recently been established by W. D. Bonner?” 
and his associates as Cu(CN);—-. This cuprocyanide ion is slightly 
dissociated, the ratio Cu(CN)3—-: Cut in a solution about 0.01 N in 
copper and 0.03 N in cyanide being of the order of 10+%°. In the presence 
of excess cyanide the ratio is larger still, so that the free cuprous ion and 
the free cupric ion are practically incapable of existence in cyanide 
solutions. Such minutely soluble copper salts as copper sulfides are 
therefore dissolved by cyanide, even though their rate of solution is 
small when they occur as coarse particles having little surface. The 
cyanicide properties of copper sulfide in the cyanide treatment of gold 
and silver ores!’ afford a practical 
example of the behavior of cop- 
per sulfides in cyanide flotation 
pulps. 

Evidence of the decopperizing 
action of cyanide on covellite- 
plated sphalerite is found in Fig. 
2, in which the light colored area 
represents the cyanide-leached 
covellite-plated sphalerite restored 
to its original sphalerite condition, 
and the dark colored area the 
covellite-plated sphalerite which 
has been protected from the 
cyanide solution by a temporary 

; ; Fig, 2.—SPHALERITE COATED WITH COVEL- 
coating of collodion. LITE (LEFT) AS THE RESULT OF TREATMENT 

Abstraction and quantitative WITH COPPER SULFATE. 
leaching tests on copperized 
sphalerite showed that cyanide abstraction is much larger than in the 
case of pure sphalerite and that substantially all the copper acquired by 
the sphalerite during the copperizing treatment is given up to a slight 
excess of cyanide. 

Xanthate abstraction tests similar to those run with pure sphalerite 
were made with covellite-plated sphalerite, cyanide-leached covellite- 
plated sphalerite, and with cyanide-leached sphalerite. The abstraction 
of the xanthate expressed as a percentage of the total xanthate (0.2 lb. per 
ton) added are given in Table 4, which supports definitely the flotation 
results presented in Table 3. 


122W. D. Bonner: Private communication; also Master’s thesis by 8. Ravitz, 


Dept. Chemistry, Univ. Utah (1928). 
13 A. C. Halferdahl: Treating Cupriferous Precious Metal Ores by the Cyanide 


Process. Eng. & Min. Jnl. (Aug. 31, 1929). This article also contains an excellent 
bibliography. 
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Taste 4.—Abstraction of Xanthate Expressed as Percentage of Total 
X anthate 


Neen eee ee ee ee Se 


i iv 
Copper Sulfate Treatment, Lb. Cyanide Treatment, Lb. per Ton Abstraction ef Pe pecoag er 


per Ton 
— — re 
0.25 —_—— 98 
0.25 1.0 6 
— 1.0 6 
et Atha 8 oat WY 22, 2S ee ee eee 
CONCLUSIONS 


In view of the evidence presented in this paper, the following con- 
clusions appear justified: 

1. Pure sphalerite does not abstract ethyl xanthate from solution 
and is not floated thereby. 

2. Pure sphalerite reacts slightly with cyanide solutions; such reaction 
as occurs forms no coating on the sphalerite but leads to the solution of 
some zinc probably as a complex zine-cyanide ion. Pure sphalerite is 
not depressed by cyanide. 

3. Sphalerite readily acquires from copper-bearing solutions a coating 
of covellite having a thickness of a few atomic diameters; thereafter the 
reaction is slow. However, visible coatings of covellite can be prepared 
in the laboratory and identified as such. 

4. Covellite-plated sphalerite abstracts xanthate from solution and is 
floated thereby. 

5. The covellite coating of sphalerite previously treated with copper 
sulfate is readily dissolved by cyanide solutions owing to the formation 
of the substantially undissociated cuprocyanide ion. Cyanide solutions 
therefore have a cleansing effect on covellite-plated sphalerite surfaces. 

6. Cyanide solutions greatly decrease the floatability of copper- 
activated sphalerite, bringing it back to the normal floatability of pure 
sphalerite, which is very slight with ethyl xanthates. 

7. Natural sulfide zine ores probably contain sphalerite in various 
stages of activation by copper salts and therefore call for the use of 
various amounts of cyanide and of copper sulfate in selective flotation. 

8. Differences in the flotative properties of various native sphalerites 
are probably less dependent upon the iron content of the sphalerites, 
that is, their marmatitie character, than they are upon the natural 
activation by base-metal salts, particularly copper salts. 
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DISCUSSION 


A. W. Fanrenwap, Moscow, Idaho.—I have not had sufficient time to put the 
amount of thought on Professor Gaudin’s paper that it deserves. 

A few days ago I read a paper written by Oliver C. Ralston and his associates 
at the United Verde, which brought up some of the same problems that Professor 
Gaudin has presented in his paper and I think came to similar conclusions on 
some of the points, particularly in regard to the chemical nature of the coating on 
the sphalerite.14 

Speculation as to the nature of conditions at solid-solution contacts always is 
interesting. In the case of zinc sulfide (sphalerite) a question that interests me is 
the possible ‘‘fit’”’ of the copper atom on the sulfide surface as it displaces the zinc 
atom of the sphalerite. What are the relative sizes or electronic make-ups of ionized 
copper and zine atoms? 

‘Does xanthate react the same with the artificial covellite coating produced by the 
action of copper sulfate on sphalerite as with the covellite of nature? 


A. M. Gaup1n.—Dean Fahrenwald has raised several interesting questions relat- 
ing to the fine structure of the covellite coating forming on sphalerite from treatment 
of the mineral with copper salts. I do not know whether the covellite in the coating 
is identical to the natural covellite of copper ores. Under a binocular microscope the 
coating appears as a very soft, waxy, deep blue crust easily scratched with a steel 
point.. The coating does not have any obvious macrocrystalline structure. 

Sphalerite and covellite have slightly different specific gravities (approximately 
4.0 and 4.6) but nearly the same molecular weights (approximately 97.4 and 95.4 
respectively). .The atomic spacing is therefore somewhat different. I do not know 
whether the difference in the atomic spacing is sufficiently large to preclude the 
replacement of zinc atoms by copper atoms, atom for atom. I am inclined to think 
that this replacement is possible for monatomic or very thin polyatomic films, but 
that it becomes difficult in the case of thick crusts. 

Experimentally the coating that copper sulfate causes at the surface of sphalerite 
appears difficult to wear off.. It is possible, of course, that it does wear off in one place 
but starts again at another point. 

The coating observed by Dean Fahrenwald upon treatment of sphalerite by silver 
nitrate has also been observed by Mr. Haynes, who worked with me at the University 
of Utah. By analogy with the case of copper, I have thought that this coating was 
silver sulfide. The rapidity of formation is much greater than in the case of the 
covellite coating, perhaps because Ag2S does not fit as well in place of ZnS as does 
CuS: this poor fit may cause the formation of a more porous film through which diffu- 
sion of the fluid and continuation of the reaction can proceed. 


A. W. FaurENwWALD.—Have X-ray diffraction patterns been made of powder 


scraped from the surface of sphalerite? 
A. M. Gavupin.—No, that experiment was not done, yet it would perhaps be 


very conclusive. 


14 See page 369. 
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A. W. Faurenwatp.—lI think perhaps the most interesting thing that Professor 
Gaudin brought out is the fact that clean sphalerite in clean water is not floated by 
xanthates. That is remarkable but understandable. If Professor Gaudin has any 
information handy on the solubility of zinc xanthates, that would be interesting. 


A. M. Gaupin.—I have no figures as to the solubility of zinc xanthates. My 
recollection is that the solubility of zinc ethyl xanthate is of the order of one to ten 
parts per ten thousand. This is much more than the solubility of the copper or lead 
ethyl xanthates, which are of the order of one part per million or less. Of course, 
zine amyl xanthate is much less soluble than the ethyl xanthate. Using Traube s 
rule, the solubility of each xanthate in homologous series should be about one-third 
of the solubility of that xanthate of the series having one CH: group less. On that 
basis the solubility of zinc amyl xanthate would be 147 that of the ethyl xanthate, 
and the solubility of zine heptyl xanthate would be some 250 times less than that of 
the ethyl derivative. This brings the solubility of the higher zinc xanthates in line 
with that of the lower copper and lead xanthates. 

The solubility of the ethyl xanthate of cadmium, which is the element below 
zinc in the periodic table, is about 20 times less than that of the zinc compound. 
Mercury is below cadmium in the periodic table; accordingly the solubility of its 
xanthates is lower than that of the corresponding cadmium xanthates. 


F. A. Tuomson, Butte, Mont.—This research reported by Professor Gaudin is a 
splendid illustration of the way in which progress has been made and is to be made 
in the future in flotation fundamentals because it represents the clarification of a 
much befogged issue. In other words, we have been proceeding in this matter of 
flotation of sphalerite upon an imperfect basis—getting the results but, apparently, 
not getting them from the causes which we thought explained them. 

That is likely always to be true and by clarifying this issue, particularly in clarify- 
ing the action of cyanide in this matter of flotation of sphalerite, Professor Gaudin 
has rendered a real service and made a substantial step forward, and it is just in that 
direction that future progress, of necessity, must come. 

This discussion of precipitation, whether of covellite or chaleocite or in any event 
of copper sulfide of some kind or other on the surface of the sphalerite, calls to my 
mind that in the Royal School of Mines in London some years ago the tradition was 
prevalent that John Perey, father of the literature of metallurgy in the English 
language, had made an experiment in which he placed some pyrite crystals in copper 
sulfate solutions of different concentrations, put these in half a dozen pickle bottles, 
labeled them carefully, as an experimenter should always do, watched his experiment 
for a few months or years, then shoved the bottles back in some cubby hole or shelf 
in his laboratory where the bottles became covered over with dust and were forgotten. 
In due course of time, 30 years later, death came to John Percy. His laboratory 
was cleaned up and these pickle bottles were dug out. Somebody was smart enough 
to clean off the labels and look at the description of the experiments—and on this 
pyrite was a chalcocite coating. John Percy’s experiment was a success but the experi- 
menter never learned of his discovery. It is an interesting story—not particularly 
germane to this discussion but worth keeping in mind. 


W. L. Zeteter, Wallace, Idaho.—The outstanding feature in the use of flotation 
reagents is the small quantity actually required. Some years ago when froth flotation 
was first brought from Australia the chief reagents used were oelic and sulfuric acids, 
and if flotation was not complete we blamed the flotation machine rather than the 
reagents. The process then was not necessarily considered a chemical one or one 
depending upon chemical reactions. 
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In the last five years more progress has been made in the discovery of the funda- 
mentals of flotation than had been accomplished in all the time before. This has been 
made possible by the discovery that the process is one depending upon chemical 
reactions. The use of copper sulfate, as I understand, which is so necessary to the 
flotation of sphalerite, was discovered in about 1914.15 At that time bronze impellers 
were used in a flotation machine which was operating on an ore requiring an acid 
circuit. Naturally copper sulfate was produced in the circuit and the result was that 
sphalerite floated. In this way the use of copper sulfate was discovered accidentally, 
although very little was understood about the actual reactions that took place. It 
has been used ever since, and it is about the only flotation reagent of any importance 
that has never been patented and which all may use without charge. 


E. Gayrorp, Salt Lake City, Utah—To most of us, even in a meeting of metal- 
lurgists, this discussion between Professor Fahrenwald and Professor Gaudin savors a 
little of the Einstein theory of relativity. However, I think we all realize that the 
practical benefit that is bound to follow these supertechnical investigations is of 
immense benefit to the art. 

Even as closely as I am compelled to follow such matters, I do not believe that I 
had read previously that pure sphalerite would not float—but it is only by starting 
with pure mineral that we find out how to handle the minerals as they occur in nature. 
One of the most important things, it seems to me, to find out is some other way than 
by ‘‘the rule of thumb” to know what quantity of these reagents to use in practice. 

Take copper sulfate, even in the experimental stage, we start, say, with 14 lb., 
see what that does, then go to 14 lb., then 1 lb., and in one case that I remember, we 
went to 3lb. That kind of work is duplicated in a mill. The mill metallurgist looks 
over his test results and says, ‘‘ Well, these fellows have been testing it; they got pretty 
good results with 1 lb. and [ will start with 114 lb.” This gives him pretty good 
results and so, perhaps for months, he uses 114 lb., whereas the condition with his 
return circuit, the mill water and various other factors would have allowed him to use 
considerably less. 

If this class of supertechnical investigation will give the practical metallurgist some 
line he can follow whereby he will know very shortly how to get the benefit from the 
use of a minimum amount of reagents, we have made a tremendous stride. 

Nothing has been said with reference to the use of cyanide as a depressant of iron 
in high alkaline circuits in the floating of iron-copper ores and I would like to know 
whether Professor Gaudin is working in that field extensively and whether he can tell 
us what cyanide does with such ores? 


A. M. Gauprin.—I have no particular information concerning the effect of cyanides 
on copper-iron ores, as our experiments in that direction are entirely too embryonic to 
justify definite statements. The subject is most interesting as well as difficult of 
solution, and some time may elapse before a satisfactory understanding of the reac- 
tions of cyanides on copper-iron ores is attained. Our friends in the Research Depart- 
ment of the United Verde Copper Co., under the guidance of O. C. Ralston, have been 
doing some splendid work on the effect of lime on pyritic copper ores. It is to be 
hoped that they will follow this by similar work on the effect of cyanides. 

Mr. Gayford mentions also the amount of copper sulfate used in zine flotation. 
In connection with some work for the U. 8. Bureau of Mines, I studied the records 
on the consumption of reagents in a number of plants in the United States. My recol- 
lection is that the amount of copper sulfate used per ton of ore is decreasing materially 
from year to year until it is less than one pound per ton of ore. 


W. L. Zercuer.—Have you gone into the investigation of sphalerite with iron 
combined, such as marmatites, to see if this action is the same? Does the iron 
composition of the zine affect the action? 


15See page 400. 
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A. M. Gaupin.—We have not studied in detail that phase of the work because we 
could not get dependable marmatite. Most of the marmatite that we secured was 
mixed with more or less pyrrhotite or pyrite. I do not expect great differences in 
behavior between marmatite and sphalerite, although marmatite might lean somewhat 
toward the behavior of pyrrhotite. 

Many of the difficulties with marmatite may perhaps be traced to the fact that 
we are more exacting in connection with marmatitic ores. If a certain grade of zinc 
concentrate has to be maintained with an iron-bearing sphalerite, much better selec- 
tion of the zinc mineral over associated pyrite or pyrrhotite has to be attained than 
in the case of a pure sphalerite. 


W. L. Ze1cter.—In the Coeur d’Alene our zinc minerals occur chiefly as marma- 
tites, and, I believe, a whole series of these. In the Star, they point out marmatite 
with five distinct colors and each has relative floatability. 


L. O. Howarp, Pullman, Wash.—I think Mr. Ziegler’s question is fully answered 
in the two papers by Ralston and his associates.16 


16 See pages 389 and 401. 
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Calculations in Ore Dressing 


By W. Luyken* anp E. Bizrsraver,* Diissenporr, GERMANY 


(New York Meeting, February, 1929) 


A NUMBER of articles have been published, notably those by R. 8. 
Handy, R. T. Hancock and A. P. Watt in Engineering and Mining 
Journal, dealing with the calculations involved in ore dressing. These 
publications demonstrate both the importance of the subject and the 
lack of success in developing a generally recognized method for comparing 
enrichment effects. 

Considering that we may wish to compare enrichment results on 
similar or dissimilar ores, that we may desire to make the comparison 
on the basis of either the absolute or the economical efficiency, and that 
the number of factors upon which the result depends is large, the question 
arises whether it is possible to set up a positive method for such calcula- 
tions. In the following pages it is our aim to show that a sure, complete 
and successful way to overcome existing difficulties has been found. 


GRAPHICAL ANALYSIS OF ORE-DRESSING PROCESSES 


The following is from Truscott’s Text Book of Ore Dressing 
(London, 1923): 


= assay of ore treated (feed). 

= assay value of the concentrate. 
assay value of the tailing. 

= weight of feed. 

= weight of concentrate. 

= weight of tailing. 
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C = fractional concentration = : = ——_- (1) 


K = ratio of concentration = 


R = fractional recovery = io = at (3) 


100R = percentage recovery. Copt = theoretically best concen- 
tration. 100 — Copt = waste in the feed. 


* Kaiser Wilhelm Institut fiir Hisenforschung. 
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In Fig. 1 the abscissas are concentration percentages and the ordinates 
assay percentages. The horizontal line DC shows the assay of the feed 
and the area under DC is the valuable content of the feed. The diagram 
further shows this quantity of valuable material divided by a dressing 
process into two products, v7z.: 

1. Concentrate (quantity = per cent. C; assay value = y). 

2. Tailing (quantity = 100 — per cent. C; assay value = 2). 

The quantities of valuable content in these products are shown by 
the areas AGFE and EIHB, respectively. The sum y X per cent. C + 
(100 — per cent. C)z is the original valuable content of the feed, and is, 
therefore, equal to 100z. In other words, the rectangles DKFG and 
IHCK are of the same area. The diagram shows also the ideal case, 


Vo = i. 62 & 


pr) 
Percentage of ° Concentration 


(ibe ae 


v7. €., separation into pure concentrate (value = AMLR = ymax Copt) 
and pure tailing (value = RB = (100 — Copt) 0 =0). Now, rectangle 
DOLM = RBCO. 

This ideal shows the maximum enrichment that can be effected with- 
out chemical disintegration of the valuable mineral, and is a standard 
of comparison for judging the degrees of enrichment and the relative 
efficiencies of different processes. 

The possible extent of enrichment increases and approaches the ideal 
as the structure of the ore becomes simpler and the physical proper- 
ties of the different constituents of the ore diverge. The extent to which 
concentration depends upon the assay value of the concentrate cannot 
be shown by a simple rational formula, but can be calculated in due 
course empirically by a diagram embodying factors obtained by research. 

Single concentrating machines and plants as a whole ordinarily 
produce a number of different products, which the ore-dresser classifies 
according to contained value as concentrate, middlings and tailing. 
Even if only two products are made, it is usually possible, by regulation 
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of the enrichment process, to change the assay values of the products. 
We come, then, to the question: Which of the possible degrees of concen- 
tration and what assay values are most desirable? This problem can 
be solved only by means of a diagram that shows how the assay value 
of the concentrate varies with the degree of concentration, 7. e., which 
graphs the relation y = f (C). This relation thenceforth becomes the 
basis for numerical investigation as well as of technical progress and 
economical operation. 

The first proposals to follow the course of ore-dressing operations by 
means of graphs were made in the coal industry, and the Belgian, Henry, 
was the first to make the application. His was probably the initial 
move toward systematic graphology in this field. The method is now 
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used widely in German coal-dressing and experiments indicate its utility 
in studying the treatment of metalliferous ores. 

Fig. 2 sets forth the results of dressing a crude ore and dividing it 
into five products of declining assay value. The various products are 
plotted in order of decreasing assay value, according to the method 
employed in Fig. 1, so that the area of each block represents the weight 
of metal in the corresponding product, and the sum of these areas is the 
area ADCB, which is the weight of metal in the crude ore. The area 
under a continuous curve, drawn as shown, is substantially equal to the 
sum of the areas of the individual rectangles, the approximation being 
the closer, the greater the number of products. This curve forms the 
basis for analysis of the concentrating operation. Thus to determine 
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the assay of the concentrate for any given value of per cent. C, divide the 
area under the curve to the left of an ordinate erected at the given value 
of per cent. C by this value of per cent. C. The required area may be 
determined by planimeter measurement or by approximate calculation. 
By repetition of the above operation, with values of per cent. C 
taken at sufficiently small intervals, a second curve is obtained (II, 4 
Fig. 3) which shows progressive assay values of the concentrate that = 
can be made, if a particular percentage of the weight of the feed equal 
to the given value of per cent. C is taken as concentrate. Curve III, 
Fig. 3, shows similar progressive assay values of the tailing for each 
value of per cent. C. It is obtained similarly to curve II, except that 
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Fig. 3.—CHARACTERISTIC OF ENRICHMENT. 


any given value of y is determined by dividing the area under the curve 
to the right of any given value of per cent. C by the corresponding value 
of 100 — per cent. C. It is apparent that point C on curve II must 
always fall at the corner of the first rectangle, as shown, if curve I is 
so drawn that the area beneath it up to this value of per cent. C is equal 
to the area of the rectangle. Similarly the terminal point of curve II 
must always fall at the intersection of line x with the ordinate for 100 
per cent. C. The initial point must always coincide with the initial 
point of curve JZ. In most cases only one or two points need be found 
between C and the terminal point in order to permit smoothing in 


the curve. A similar method of approximate construction applies to 
curve III. 
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“iThe “Characteristic of Enrichment,” as Fig. 3 may ie termed, 
shows, for any value of per cent. C, corresponding assays of concen- 
trate and combined residue, for the particular concentrating operation 
under investigation. 

It is apparent that, in Fig. 3, curve J is of ihe nature of a differential 
curve, giving at any point for the particular concentrating operation 
therein illustrated, the assay value per unit weight of concentrate of 
that particular unit of weight, and of that only. In other words, the 
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assay value of that unit weight of material that, as concentrate, repre- 


sents the AB per cent. of the feed removed, would have, according to 
Fig. 3, an assay value equal to BJ. The ordinates of curve II, on the 
other hand, represent average assay values, so that the value read at 
C, for example, is the average value of the entire AB per cent. of concen- 
trate removed up to this particular point in the operation. Mathe- 
matically, BC is the mean ordinate of the area AHJB. Similarly, BH 
(curve III) is the assay value of the tailing remaining when AB per cent. 
of the feed has been taken out as concentrate, and mathematically BE 
is the mean ordinate of the area BJG. 

Fig. 4 is the characteristic of enrichment for a low- ceeds iron ore, 
difficult to concentrate. It was treated by washing, screening and 
jigging, making a number of products. Curve II shows that for a 
concentrate containing 43 per cent. Fe the percentage concentration is 
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Fig. 5.—CHARACTERISTIC OF ENRICHMENT FOR A BROWN IRON ORE. 


assay of 30 per cent. iron corresponding to the 43 per cent. concentrate, 


and 23 per cent. Fe to the 40 per cent. concentrate. 

Fig. 5 is the characteristic for an experiment on a brown-clay iron 
ore which consisted chiefly of nodules and fragments embedded in 
clay. The most important grains were those 0.04 to 0.08 in. size, which 
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could be enriched only with great difficulty and the concentrate assayed 
only slightly higher than the tailing. Bulk concentration by magnets 
had been found unsatisfactory, but a number of single products were 
made with gradually increasing magnetic fields until only a small amount 


. 
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5 of} tailing remained. It was then seen, unexpectedly, that the first 
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concentrate, 7. e., the most permeable, did not contain the most iron, but 


_ that the assay value of concentrate first rose slowly and thereafter 


declined. Fig. 5 shows that with a feed of about 41 per cent. Fe the 
first concentrate assayed less than 40 per cent. Fe, and that the best 
concentrate possible in this operation assayed only 43 per cent. Fe, 
corresponding to a value of per cent. C = 65 per cent. (about 1.5 tons 
into 1) and a tailing assaying 38 per cent. Fe. | 

Fig. 6 is the characteristic for an experiment with the same ore 
in which reducing roasting preceded magnetic separation. It shows 
that with a concentration of 60 per cent. (124 into 1) the concentrate 
assay would be 53 per cent. Fe and the tailing about 22 per cent. Fe. 


ABSOLUTE ENRICHMENT EFFECT 


Enrichment operations may be compared either on the basis of their 
absolute or of their economic effect. It will be shown later which basis is 
more advantageous under various circumstances. Ordinarily the better 
absolute efficiency will correspond with the better economic efficiency. 

Barring a few exceptional cases, the preceding method does not 
suffice for making comparisons between separating efficiencies. Han- 
cock,! recognizing this, proposed a statement for metallurgical efficiency 


-as follows: 


Percentage metallurgical efficiency = 
100 X per cent. recovery — per cent. concentration 
per cent. waste in feed 


The writers came to the same statement independently by means of the 
following reasoning. It is the object in ore dressing to attain a high 


: 1 > 
recovery (R) and large ratio of concentration (a): The difference 


R—C is a measure of success. By setting R —C as numerically 
representative of the enrichment actually attained and 1 — C,, as 
representative of the enrichment theoretically possible, an efficiency 
index may be obtained from the equation 


RC 


Nabs = i=c= (5) - 


In the denominator the numeral 1 represents complete recovery, 7. e., 
100 per cent., and the concentration C,,, is the percentage of valuable 
mineral in the feed. For example, in an ore containing 2 per cent. Pb as 


2 
galena, Cot = 0.866 = 2.31 per cent. Since C,,, corresponds to the 


1R. T. Hancock: The Economics of Ore Concentration. Eng. & Min. Jnl. (1918) 
106, 841. 
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Of the numerous formulas that have been published, the writers 
believe that the one just developed, in the form 


Cy — 2) 
Copt(Ymax oe x) (8) 


is the most useful. It will be shown later that a statement for economic 
efficiency can be put into substantially the same form. 
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its maximum value. Fig. 8 is based on treatment of an ore containing 


_ 30 per cent. metal. The mineral to be concentrated assays 70 per cent. 
_ metal (Ymax = 70), hence the theoretically best concentration oe) is: 


30 X 10949 = 42.87 per cent. 


~ Curves I and Il are plotted as in Fig. 3. The recovery curve R graphs 
Seaus tion (6); the efficiency curve 7, equation (8); the curve marked 
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Fie. 8.—ENRICHMENT i a A WITH CURVES SHOWING RECOVERY AND 
EFFICIENCY. 


R-C is plotted from ordinates derived by subtracting from the ordinate 
of the R-curve at that point the numerical value of the abscissa. The 
recovery curve rises rapidly up to about 80 per cent., after which the 
rise is more gradual. Note that this change in slope, which is rather 
indefinite, takes place at the same value for the concentration, viz., 
50 per cent., as that at which the curves for efficiency and R-C reach 
their maxima. For all other degrees of concentration the efficiency is 
lower and a value for efficiency determined at random could only by chance 
illustrate truly the possibilities of the enrichment method employed. 

Curve R-C shows a maximum on the same ordinate as the efficiency 
curve. This follows from the relation expressed in equation (7). 

The efficiency curve gives values that permit comparison between 
different operations independent of the assay of the ore treated. This 


Ae 


2. 
. 
ue - 
ey 
S a 


45 
Bl ait 


Pink 
ee a 


“Ss 


independence, which is the most ir 
curve, follows from the fact that the effici 
actual enrichment effect and the maximum theoretic poss 
The efficiency curve shows that all values of efficie cy betwee! 
the maximum are attainable for two values of the concentration. Ha 
Be cock? pointed this out and showed that the concentrate obtained betwee 
: the two points of equal efficiency must be equal in assay to the | 
’ of the feed. Fig. 8 shows a “curve of equal efficiencies” for the effici 
a: 50 per cent. (marked » = 50 per cent.) This curve crosses curve 
; at points A and B. The material which lies between the ordinates 
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Fig. 9.—CuRVES OF EQUAL EFFICIENCY. 


A and B has the average assay value of 30 per cent. metal (see curve I). 
This follows from the fact that efficiency, by definition, is the ratio 
of actual enrichment to maximum possible enrichment, and, since the 
denominator of this fraction is a constant for any given ore, the numer- 
ators for equal values of the ratio must be the same. But equality of the 
numerators can exist only when transfer of material to concentrate 
results in no enrichment, 7. e., when the material transferred from feed 
to concentrate has the same assay as the feed. . 
Curves of equal efficiency may, under certain circumstances, be used 
to determine graphically the maximum efficiency. In Fig. 9 the basis 
ee 


2R. T. Hancock: Ibid. 
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is an ore of 40 per cent. assay and the assay of pure valuable mineral 
(Ymax) is 80 per cent. Cy, is, therefore, 


40 X 10029 = 50 per cent. 


Since positive values of efficiency can occur only when concentrate 
assays higher than the ore treated, the curves of equal efficiency must 
lie above line x, representing the feed assay. Zero efficiency lies along 
this line. The efficiency 100 per cent. is possible at one single point 
only, namely when pure mineral assaying 80 per cent. metal is separated 
in a concentrate weighing 50 per cent. of the original ore (C = 50). The 
curve for 30 per cent. efficiency must start where 30 per cent. of the valuable 
mineral has been separated in a concentrate assaying 80 per cent. (C = 
15, y = 80); it must terminate at the point where all of the metal has 
been taken into the concentrate (100 per cent. recovery). The C, y 
coordinates of this point are found by first placing 7 = 30, R = 100 and 
Copp = 50 in equation (7), whence C=85; then substituting this value 
of C together with 40 = z and 80 = yyax in equation (8) and finding y = 
47. Intermediate points on the 30 per cent. curve and points for the 
other curves are found similarly. 

Fig. 9 shows values of the recovery (R), efficiency (n), and of R-C 
for ideal enrichment of a 40 per cent. ore. Randy are coincident straight 
lines up to 100 per cent. at C = 50 per cent., which is the value of Cop. 
As C increases beyond C4, as a result of adding gangue to the concen- 
trate, recovery remains constant at 100 per cent., efficiency falls on a 
straight line back to zero. Hence the maximum of technical enrichment 
is reached when 100 per cent. recovery is made in the form of a concen- 
trate of pure valuable mineral. 

When the performance of a particular machine is under investigation 
the absolute or metallurgical maximum efficiency discussed may be util- 
ized to determine an efficiency figure for the machine itself. For example, 
in investigating a jig, if the maximum absolute efficiency on a certain ore 
is 60 per cent., but separation by heavy fluids gives an absolute efficiency 
of 75 per cent., the efficiency of the jig would be 60/75 = 80 per cent. 
The writers have named this the technical efficiency, and propose there- 
fore the equation: 


max. abs. efficiency of the actual separation 


max. abs. efficiency of a standard comparative process’ 
involving the same physical principle 


Ntechn = 


The writers consider this technical efficiency a novelty, since it gives a 
numerical statement of the degree of success of the machine with the 
effect of the natural properties of the ore eliminated. The technical 
efficiency is a measure of the extent to which a concentrating machine suc- 
ceeds in utilizing the susceptibility to separation which the ore has owing 
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7. in feed, sand and overflow be considered the assay values, x, y and 2, 
a rekpadtivelys Then, from equations (6, 7, ve the absolute efficiency * 


may be written :* “oe a 
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; recovery of oversize in the coarse material — concentration 
of coarse material 
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Since, in practice, the products are generally not weighed, the con- 
centration and the recovery must be calculated by applying the results 
of the screen analyses, 7. e., from the values x, y and z.4 


Economic ENRICHMENT EFFECT 


The basis of rational management of an ore-dressing plant is correct 
solution of the query: What grade of-concentrate must be made, in light 


3 = Se ieee) 8) 
(ee =F 2) Cone 
But Cops = ri f Operes a) I thavon ey = . [equation (6)] 
Substituting in equation (8) : ; 
ees! C _R-C ’ oa 
TREY Sith pf eae Nee ae (9) % 


(A. F. Tagaart.) 
‘Substituting values in terms of assays for 


R [ - y(e = 4 and | zs vale equation (9) 


aly y 
iy 2) (@ = 2) 
LL ako eh) (10) 


which is the same as Dean’s equation. See A. F. Taggart: Handbook of Ore Dressing, 
1242, New York, 1927. John Wiley & Sons, Inc. 


(A. F. Taae@art.) 
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4 cit 45 > writers have already shown Tey the relation between concen- | ay 


3 aa : tration (C) and assay of concentrate (y) can be considered as a function, 


oe -y =f(C). The form of this function is a specific characteristic of any 

particular ore and enrichment process. Every change in ore character, 
either in assay value or in texture, and every change in the process used, 

causes a change in shape of the characteristic of enrichment. (Fig. 3.) 

The function y = f(C) can only be determined empirically. Set 
forth graphically, it forms the basis for systematic judgment of tests 
and of plant performance. But investigation of economic efficiency 
requires that, in addition to consideration of the maximum absolute 
efficiency, attention must also be paid to costs of production, existing 
prices and market possibilities. In any particular dressing process 
we can take either a small but highly valuable concentrate or a larger 
quantity of lower assay and correspondingly lower selling price. The 
weight and the unit value of the salable products are, therefore, depend- 
ent variables whose product, for a given constant mill feed, passes through 
a maximum. This point, which marks the best economic extraction, 
is characterized by a maximum total extraction profit up to the point 
of concentrate shipment. 

Since mining calculations are ordinarily based on the ton of crude 
ore, the question of best economic enrichment may be phrased as follows: 
To what extent must a ton of crude ore be beneficiated in order to obtain 
the maximum profit per ton, assuming a definite flow sheet and, conse- 


TABLE 1.—Profit per Ton of Concentrate and per Ton of Crude Ore 


Weight Selling Price Total Gain per Gain per 
of Con- a f Amount Total Total Ton of 7 f 

Heed, Tons | centrate, | Goncentrate| Realized | Cost / Gain | Coneen- | crude Ore 
100 50 $20.00 | $1000.00 ; $500.00 | $500.00; $10.00 | $5.00 
100 30 30.00 900.00} 500.00; 400.00 13.33 4.00 


quently, fixed dressing costs. Table 1 shows that maximum gain per 
ton of crude ore aud maximum gain per ton of concentrate do not neces- 
sarily apply to the same operation. 

Fig. 10 is the enrichment characteristic for an ore which anne 
only one valuable mineral, with the per-ton selling prices of the various 
grades of concentrate marked thereon. 

Since, in dressing 100 tons of crude ore, C tons of concentrate are 
obtained, the amount realized from the sale of the concentrate produced 
from 1 ton of crude ore, signified by HZ, is H = CV/100, where V is the sel- 
ling price per ton of concentrate. Thus from curve V (Fig. 10) curve 
E (Fig. 11) is obtained. This shows the return per ton of crude ore 
for every degree of concentration. 
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Fic. 10.—ENRICHMENT CHARACTERISTIC FOR ORE CONTAINING ONE VALUABLE 
MINERAL. ‘ ail 

The various concentrate assays merely mark differences obtained by __ 

changing the performance of units in a plant unchanged as a whole. 


The opinion is commonly held that in order to obtain richer concentrate, 
100, 
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Fic. 11—RerurN PER TON OF CRUDE ORR. 
working costs must be higher. But this is not necessarily so. In mag- 


netic separation, for example, the opposite may be the fact, since electric 
current for excitation is saved in reducing the strength of the magnetic 


i field in order to take a richer concentrate of higher magnetic susceptibility. 


x _ But whether economies, or additional expenses, both are so small in 
a _ comparison to the total cost of the plant operation and upkeep that in — 
calculating profit we can assume constant cost of production. The line 


of production cost may, therefore, be drawn parallel to the axis of abscis- 
sas (see Fig. 12). It should be borne in mind in this latter connection 
that the investigation is ordinarily confined to a fairly short range near 
the maximum value for economic enrichment. 
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Fig. 12.—RkETURN IN DOLLARS PER TON OF CRUDE ORE, 


A number of facts may be read from Fig. 12: r 

1. The maximum of curve EH marks the position of greatest possible 
profit per ton of crude ore under the conditions upon which the chart is 
plotted. Its ordinate cuts the axis of abscissas at the point of most 
economic concentration and the intersection of the ordinate with curve V 
gives the corresponding best assay of concentrate and its selling price 
per ton. 

2. The maximum profit is to be read from the length of the line AB. 

3. The intersection of the ordinate of the maximum point of curve 
E with the base curve of the chart (not plotted, but corresponding 
to curve J, Fig. 3) shows the poorest layer that may be included in 
the concentrate. 

4. The limits of profitable operation are indicated by the shaded area. 

Profit per 100 tons of crude ore is expressed algebraically by the 
equation: 100X = CV — 100S, where X = the profit per ton of crude 
ore, V = the selling price per ton of concentrate, C = per cent. con- 
centration = tons of concentrate obtained from 100 tons of crude 
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ore, S = the to 
mining and milling. 


quantities C and V. The method of Fig. 12 solves this cult, 
In Fig. 12 it has been assumed that the selling price of con 
could be calculated from one factor, in this case the metal assay. 
however, bonuses and penalties enter, no fundamental change in 
method of representation is necessary. It is only necessary to pk to 
the modifying factors in such a way as to show their influence upon the | 
£ value of each particular grade of concentrate. This is illustrated in : 
: the method of treating freight charges. . 


* 


~~ = 2, 
INFLUENCE ON PROFITS OF VARIATION IN CONDITIONS OF PRODUCTION ~ 
* AND SALE OF CONCENTRATE 0 aed 


In the preceding discussion it was assumed as a fundamental part 
of the argument that the ore, production costs and market value of | 
concentrates remained fixed. Practically, of course, no such constancy 
exists. The ore varies in metal content and in mineralogical composition 
and structure, market values fluctuate through a greater or less range 
according to the metal and the times, and production costs, although 
changing less rapidly and, ordinarily, through a narrow range, are rarely 
identical from month to month and year to year. Consequently, if the 
methods of this paper are to have any more than the most limited 


application, they must be capable of extension to include and integrate 
this variability. 


~~ © 
>a oo 


EFFECT OF VARIATION IN CHARACTER OF FEED 


When feed assays vary greatly or when there are distinct and signifi- 
cant changes in the petrographic character of the ore, it must be admitted 
immediately that no general mathematical formulation or method of 
graphical representation has been discovered. When, however—either 


5 If use makes the reader more accustomed to think of the extent of concentration 
in bulk effected by a dressing operation in terms of “ratio of concentration,” values of 
this quantity may be used as abscissas, instead of the values of “concentration,” in 
all of the charts thus far discussed. It is to be noted that the relation expressed in 
equation (2) graphs as a rectangular hyperbola, and that as a result, when the ratio 
of concentration lies between 1 and 8, the curves are spread out horizontally through a 
greater distance if values of C are used as abscissas instead of values of K. Through- 
out the balance of the range plotting to value of K gives the greater spread. Graph- 
ically, therefore, the best result will be obtained if values of © are used when the 


critical range (maximum on curve E, Fig. 12) lies between 0 and 30, and values of K 
when the ratio of concentration exceeds 3.33. 


because anges in character of the 
_ process is equally efficient over a wide range of feed values—the con- 
_ centrate and tailing assays remain relatively constant for a considerable 
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A range in feed assay, then a definite relation between maximum profit 
and feed assay will exist. Under such circumstances values of feed 
. a assay (x) and profit (Z) may be read from the relation® 
er 100H(x — z 
= Sordak are (12) 
me = where 2 is the feed assay for which a chart like Fig. 12 has been plotted, 
a and V,C,,,, and z are values corresponding to the peak of the profits 
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curve on this chart.” 


INFLUENCE OF FREIGHT ON PROFIT 
Thus far the effect of freight has not been taken into consideration. 
If delivery of concentrate is made f.o.b. mine, costs of carriage need not 
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be considered, but they must be if delivery is made carriage paid to 
smelting plant, or ¢.i.f. harbor smelting plant. This is also true if mine 
and smelter belong to the same concern. In such cases freight is an 
additional factor in calculating the production cost. Production of higher 


6 See Gliickauf (1927) 63, 194. 
7 The development of this relation is not given by the authors and since, with # 


made zero, it would seem to indicate that the lowest-grade feed capable of profitable 
treatment was one whose assay equaled that of the tailing to be produced, it is to be 
accepted, if at all, with caution.—EpirTor. 
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13) sigaiaen the freight care per Fe itd C the I f 
from 100 tons of crude ore, the total freight per \ 
is BC. Taking F as the excise ge ton of eae 


percentages F = BC. Since Bisa constant this is a semen relati 
hn Fig. 14 shows the freight-cost line NM plotted above the ‘ 
production” (MX = B when C = 100). Maximum profit is no. 
found at the maximum of curve E but where a parallel to NV Mis tang nt 
i to E. The coordinates of this point show the economically best enrick a os 
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ment, and the corresponding freight charge per ton of crude ore (see Fig. 

13). With higher freight the point of maximum profit is moved further 

and further from the maximum of curve E, and vice versa. It is well 

to add a scale for freight, such as line B, Fig. 18. ‘ 
A tangent to curve # through N marks the maximum freight chart 

before profit disappears and is, therefore, of utility in considering the 

effect of geographical location on the value of a mine, or the effect on 

profits of a change in freight rates. 


INFLUENCE OF VARYING Merat Vatur oN Economic ENRICHMENT 


The value of concentrate is dependent primarily upon its metal 
content. Neglecting for the moment the effect on value of impurities, 
a concentrate is to be considered a salable product whenever the value 
of the pure metal content is great enough to cover the cost of its extraction 
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customs, duties and freight on the metal. All of these factors are 


similar in that they are increased in proportion to the bulk of concentrate 
smelted.§ If we denote this combined expense per ton of concentrate 


as S, the assay of concentrate as y, and the price of the metal per assay 


unit as P, the criterion of salable concentrate may be expressed in the 
formula yP = S. From this may be deduced that the smelter will have 


an interest in buying ore only when the assay exceeds yo = e aa 


is the selling price per ton of concentrate, V = yP — S. The return 
per ton of crude ore is 

E = CV = CyP — CS. 
In this equation, Cy = weight of metal in the concentrate from a ton 
of crude ore, CyP = the value of this metal at current quotations, and 
CS = the total smelting, refining and marketing cost of C tons of con- 


centrate. When H exceeds production costs, 7. e., the sum of the costs” 


of mining and dressing (LD = G + A), then the mine can be worked at 
a profit. Therefore, for profitable operation, the following relation 
must hold: 


0% = CyP — SC > L (13) 
~ Profit per ton of crude Return from con- Mining and dressing 
ore centrate per ton of expense per ton of 
crude ore crude ore 


In plotting this relation, monetary values had best be omitted and the 
weight of metal taken as representative of its value. 
Equation (13) then becomes 


2 Cs). LL 
p= ‘pp ae 
or, since 
S 
P Sali 
L 
5 =Cu-w) 5 (15) 


The enrichment characteristic shows a number of products of different 
value. Assuming each product to be sold separately the one of lowest 
value sold would be the one with an assay of yo. Lower grade materia 
would be marketed at a loss. Hence, in order to obtain maximum 
return, and, therefore, maximum profit from a concentrating operation, 
no product should be included in the concentrate whose assay is less 


8 This must be understood as an assumption not ordinarily in accord with the facts. 
—EpItor. : 
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Fia. 15.—RELATION BETWEEN METALLURGICAL ENRICHMENT AND ECONOMIC FACTORS. 


and from the net yield area (Cy — Cyo) must again be deducted the 
production cost (p) in order to determine the profit (=) It may be 


seen that with a given base curve, the magnitude of the yield area 
is determined by the value yo. If yo is high, the gross-yield area (Cy) 
is diminished because of a correspondingly decreased value of C. If, on 
the other hand, yo decreases, the gross-yield area increases with the 
. the 
situation of line yo is determined by the costs of smelting, refining and 
marketing as well as by the market price. The effect of these two factors 
is in opposite directions. With S constant, a declining market causes 
Yo to increase, and mill concentrate should be raised in grade with conse- 
quent reduction in weight. On a rising market yo diminishes, 7. e., 
lower grade concentrate can be sold, and the gross-yield area increases 
correspondingly. Similar reasoning applies to variation in S. 

Changes in the costs of mining and dressing have no influence on 
the value yo. Their variations influence profit only, and therefore have 
no effect in determining the grade of concentrate to be made. 


corresponding increase in the permissible value of C. Since yo = 
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onthe eae difficulty i in the determination of yo lies in ascertaining 

= £3 variations in selling price of concentrate. This involves consider- 

, ation of commercial smelting schedules, which in the simplest case, are 
of the form: | 


V =fP(y — y.) — H ~ (16) 


_where P = the quoted price per unit of metal, f = a percentage factor 
by which the market price is diminished, y, = the loss of metal in 
_ smelting, expressed as a percentage of the naiene of concentrate smelted, 
and H = the costs of smelting. The lower limit of assay for ealaite 
concentrate (yo) is obtained by substituting yo for yi in equation (16), 
making V = 0. This gives 


: 
: Yo = Ya + 7p (17) 
oI 


As a rule, however, such simple mathematical statements have very 
iz definite limits, and as soon as V ceases to bear a straight-line relation 
a to y, the calculation of the assay of concentrate of zero value runs into 
. 
4 
> 
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difficulties, and may become impossible, if the schedule involves a number 
of variables entering into the final valuation V. Another disadvantage 
in such algebraic calculation lies in the fact that, in determining the 
assay of concentrate of zero value, it is not at the same time known what 
concentrate assay and what degree of concentration must be attained 
in order to assure maximum economic success. 

All of these difficulties have been overcome by the economic charac- 

teristic shown in Fig. 15. The value yo for this diagram is read from 
the intersection of the ordinate of the maximum of the gross-yield curve 
(EZ, Fig. 12) with the base curve (curve J, Fig. 3). The field of the 
graphical method is, therefore, much wider than that of the purely 
algebraic calculation. 


RELATION BETWEEN TECHNICAL ENRICHMENT EFFECT AND ECONOMIC 
RESULT 


Fig. 15 proves the connection between economic success and the 
technical enrichment effect as well as showing exactly how far an enrich- 
ment process can yield salable products with economic success. In 
the discussion of absolute efficiency and its derivation from the enrich- 
ment characteristic, the line of the feed assay was shown to mark the 
lower limit of concentrate assay, since only the metal represented by the 
area above this line and under the base curve constitutes enrichment 
with respect to the feed. In Fig. 15 the line of the concentrate assay 
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on which a a is esse "The maximum talitba of con 
(C) from both technical and economic aspects are determine 
sections with the base curve, the first of the line z (= feed as 
second ofthe line yo. If the feed assay and yo are the same, the 
values of C coincide. Practically, this is the case if the metal cor 
of the crude ore would just pay the costs of freight on ore, smeltins 
refining and marketing. If, however, the economic zero line is lower 
than the average feed assay, material of lower grade than the feed may 
be put into the concentrate, 7. e., the economic optimum permits a inteone 
concentration and a lower cue assay than that indicated by the 
maximum of the technical enrichment diagram. If we trace out the © 
relation between the base curve and the corresponding positions of the 
absolute efficiency, we find, in such a ease, that absolute efficiency has" 
passed its maximum before the maximum economic success has been 
reached. If, on the other hand, crude ore cannot be sold under the 
schedule, the economic optimum is attained with a smaller concentration _ 
and a higher assay value than the technical optimum. 

It may thus be seen that mere comparison of the possible ratios 
of concentration in a given dressing process with the corresponding 
absolute efficiencies does not produce any certain information as to 
economic success.? If, however, two or more processes are to be com- 
pared, the maximum absolute efficiencies are indicative of the relative 
economic successes, a fixed production cost being assumed. This is | 
shown in Fig. 15. The dotted base curve, for example, shows a process 
with higher maximum absolute efficiency than that indicated by the 
full curve. The result is an increase in the area under the curve and 
above yo, and this is the area that measures profits. 

The close connection between economic and technical enrichment 
effects which are shown diagrammatically by the partly overlapping 
areas of the enrichment effect!® and the gross yield'! suggests the idea of 
establishing a characteristic of economic efficiency (y.) similar to that 
already established for technical efficiency (equations 6 and 7). In 
Fig. 15 economic success may be expressed in weight of metal as C 


L : 
(y — yo), and profit as C(y — yo) — Pp The ideal economic effect is 
shown in Fig. 15. as the rectangle EFCD. The algebraic expression 


ane 


- for this area is Cost (Ymax — Yo). (In this ideal case the production cost 


9 
Since with a given process, under.the assumption of the authors, the base curve is 
invariable.—Ep1ror. 


10 Area between base curve and line of feed assays.—Eprror. 
1 Area between base curve and y line, Fig. 15.—Eprror. 


is considered Zero.) Dividing profit by this ideal value gives for the 


index of economic efficiency: 
Cly — wo) -— % 
Cont (Ymax — Yo) 
This formula may be used to test any enrichment result, since it embraces 
every contributory factor, both technical and economic. Changes 
in flow sheet and their influence on the economic result may be followed 
easily by plotting corresponding base curves on Fig. 15 and substituting 
corresponding values in equation (18). Changes in selling price of con- 


centrate involve changes in the position of yo, but this determined, the 
quantities for equation (18) are again available. 


uky (18) 


DISCUSSION 


A. C. HaLFeRDABL, Ottawa, Ont. (written discussion).—This paper is interesting 
but there is one part in which the application of the methods is probably open to 
question. On page 440, we find, ‘‘The method of absolute efficiency is applicable to 
analysis of performance in sizing. Thus, in the Dorr classifier consider the raw dis- 
charge concentrate and the overflow tailing. Let the percentages of oversize in feed, 
sand and overflow be considered the assay values, x, y andz respectively. Then from 
equations 6, 7, 8, the absolute efficiency may be written: ° 


recovery of oversize in the coarse material — concentration of coarse material 


undersize in the feed 


. .. and the recovery must be calculated by applying the results of the screen 
analysis, 7.e., from the values x, y and z.”’ 

Attention is directed to the use of screen sizing tests for evaluating classifier 
efficiency, though undoubtedly we should measure classifying efficiency by the most 
perfect classification possible. An ore particle of high gravity may be classified with 
a much larger gangue particle without prejudice to real classifying efficiency. . 

In these days of selective flotation, when fine-grinding mills are operated in circuit 
with classifiers, which are usually of the Dorr type, it may easily be that adequate 
liberation of the sulfide portion of an ore from the gangue occurs at some specified 
size, which is considerably larger than the size necessary to liberate the associated 
sulfides. In such cases, screen sizing tests often give valuable comparisons on products 
of different machines on the same ore, but comparisons of screen sizing tests and effi- 
ciencies calculated therefrom on different ores must be made with caution when screen 
sizing tests only are available. 

The chief interest is obviously the most profitable degree of liberation of valuable 
minerals and the securing of such results may rest in a large degree upon the choice 
of classifier. To clarify these statements, certain data are submitted, which were 
obtained during the first year of operation (1924) of the Anyox mill of the Granby 
Consolidated Mining, Smelting & Power Co. The ore was a low-grade copper ore 
in which the copper occurred as chalcopyrite associated with pyrrhotite and pyrite 
in an altered gangue. Gold and silver values were very low. It was early realized 
that the intimacy of association of the sulfide minerals was fundamental and that 
successful flotation treatment would be largely conditioned upon effective liberation 
of the chalcopyrite from its associated minerals. 

The mill as constructed contained two types of classifiers, one a Dorr classifier 
and the other of the Esperanza type. The two kinds of classifiers were of practically 
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The classifier products ads feed in each ¢ 
the samples investigated were reliable averages. 
each product. The results are given in Table 2. & 
given for the overflow products | only out of respect to the rea 
fier feeds and sands were investigated. 

From appearances, it might be concluded that the Dorr Aes me 
better liberation of mineral in the overflow. This could be due to the small 
in the ore treated. However, the following tests were made on each scree 
of the classifier overflow. First a magnetic portion was separated carefully by 
of a small electromagnet from each screen size, eee. the —200-mesh £ 


ene iodide (sp. gr., 3. 9), the nearer portion of oak meal was SAE 2 a 
sink and float portions, but this separation was omitted on the —200-mesh fines. — 
Every portion separated was weighed and assayed and the results are given in Table 3. 
A few facts stand out sharply. Gangue and sulfides are fairly intimate, but the i: 
sulfides are more intimate in their association. It is necessary to secure extremely _ 
efficient classification in order to eliminate excessive grinding of gangue, yet liberation ., 
of the maximum amount of sulfides attached to the gangue must be obtained in order a 
to make a satisfactory concentrate and tailing. The gangue is pulverized selectively 
in both cases, but more so with the Esperanza machine. The copper-pyrrhotite 
association is broken up only at sizes finer than 200 mesh. Fortunately the mechan- 
ical floculating effect of magnetic particles occurs, consequently such particles are __ 
kept in the grinding circuit longer. Losses in tailings may be expected to show in *é 
the coarser sizes because of the intimate chalcopyrite attachment and because pyrrho- 
tite is quite easily depressed in the flotation and carries the copper with it. One 
interesting feature is*that the gangue not lifted by the magnet is reasonably free of 
copper at 65 mesh. This again points to larger classifier capacity and makes it 
necessary to secure higher efficiency in order to eliminate gangue as rapidly as possible 
from the circuit once it is free of copper. 
Microscopic examination of each of the products separated was made. It appeared 
that the chaleopyrite-pyrite association was broken at about 150 mesh. This was 
practically confirmed by other work. It also follows that if the concentrate does 
not run higher than 10 per cent copper, no pyrite is being sent into the tailings 
The data appear to show that the Dorr classifier gave a little better liberation of 
minerals than the Esperanza type, but the chief conclusion arrived at was that the 
classifier capacity was entirely inadequate. A larger classifier would permit a denser 
overflow and thereby increase the hindered-settling effect, which is desirable on 
this ore. Larger classifiers were installed subsequently, with beneficial results 
With these facts before us, just how may we arrive at some figure or figures thet 
will really represent the efficiency of the arrangement? Reference to screen sizin 
and efficiencies calculated therefrom gives information but it is not conclusive The 
writer assumed for mill purposes that —150-mesh nonmagnetic copper was all Rherned 
and that the percentage of such copper of the total copper in the overflow represented 
the “efficiency” of the grinding-classifier system. This is not right vomeee when 
we consider that much gangue may be and here actually was needleaue? and aa 
fully ground finer than necessary to secure adequate liberation of the chalcopyrite 5: 
Further discussion of the problem of classifier efficiency and of officienc ee: f 
classifier-grinding arrangements should be helpful. a 
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Microscopic Studies of Mill Products as an 
Operation at the Utah Copper Mills 


By H. 8. Martin,* GARFIELD, Uran 


(San Francisco Meeting, October, 1929) 


ALTHOUGH it was known some years ago at the Utah Copper Co: mills. 
that fine grinding improved flotation recoveries, no accurate data were ~ 
available until recently as to just how far the grinding could be carried & 
economically. In 1923 the ultimate degree of fineness for flotation feed _ 
was supposed to be about 10 per cent. on 65 mesh, with approximately — 
55 per cent. through 200 mesh, which meant that most of the mineral 
would pass 100 mesh. At this time Garfield and Wilfley tables were 
used ahead of flotation and a good deal of the coarse mineral removed ~ 
prior to the ball mill’ regrind. Shortly afterwards, mill-scale tests — 
developed the fact that on a feed containing not over 10 per cent. +65- — 
mesh material flotation alone would give a copper recovery equal to 
that obtained by the combination of tables and flotation, but that on 
much coarser feed the recovery with flotation alone was lowered. This : 
was at a time when all the sulfide minerals were floated if possible, so 


that the only requisite was to grind fine enough to free the mineral 
from gangue. 


a! 


, 


Earurest Usr or Microscopic EXAMINATION OF TAILINGS . 


As early as 1921, the writer had attempted to determine by chemical - 
analysis the relative proportions of copper minerals in tailings from an 
ore that made extremely poor flotation results. Chemical analysis was 
not satisfactory or conclusive, and samples of these tailings were sent 
to the U.S. Bureau of Mines Station at the University of Utah for micro- 
scopic examination. The question at that time was to determine, if 
possible, which copper minerals had been lost and why, but R. E. Head, 
in his report, revealed other interesting data. He said in part: 


Briefly stated, the mineral particles or grains may be classified into separate groups 
as follows: 1. Free grains of pyrite, chalcopyrite, chalcocite and bornite, respectively, 
which contain no other included sulfides; 2. Grains in which all three of the copper 
sulfides are represented (the core may be of chalcopyrite, partially altered to bornite, 
these two minerals being entirely surrounded by a shell of chalcocite); 3. Grains 
composed of equal amounts of bornite and chaleocite or chalcopyrite and chalcocite, 

The grains of free mineral particles are perhaps the most numerous, taking the ore 
as a whole, but it is noticeable that of the grains of combined or associated sulfides 
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those in which the core is composed of chalcopyrite with or without bornite, and 
entirely surrounded by chaleocite are the most numerous in the material up to and 
including the 100-mesh size. As the core is crushed finer there are, of course, more | 
of these intimately associated mineral grains broken down into individual particles. 
These types of occurrence of the copper sulfides should be borne in mind when the 
relative floatability of the respective copper sulfides is considered, since those grains 
that have a core of chalcopyrite surrounded by chalcocite might logically be expected 
to behave the same as those composed entirely of chalcocite under like conditions 
of flotation, and likewise a grain with a core of chalcocite and having a shell of chal- 
copyrite. The possibilities of the action of grains containing the other mineral 
associations described also present themselves for discussion and consideration from 
a standpoint of relative floatability but will not be discussed in this report, 


This microscopic examination revealed that more than 60 per cent. 
of the copper lost was in the form of chalcocite, but no certain reason for 
the loss was developed at that time. 


Pyrite As Cause oF Coprrr Loss 


As the operations at the Utah Copper mine began to cover more 
area, and lowering of milling costs made profitable the handling of lower 
grade ores, the grade of concentrate produced became lower and lower 
until, in 1926, the average for the year was only 17.07 per cent. copper. 
The principal reason for this lower grade of concentrate was the presence 
of pyrite in the concentrate, but another reason was that the ore then 
being mined was predominantly a chalcopyrite ore, whereas early mining 
operations had opened the lower levels only, where chalcocite predomi- 
nates. The concentrators were faced with the problem of handling a 
low-copper heading containing principally chalcopyrite and pyrite for a 
good many years ahead, or until the upper portions of the mine were 
removed. In 1924 research work was begun in the laboratory to deter- 
mine whether pyrite might be rejected without too great a loss of copper. 
‘The method first used was to separate the different minerals in Wilfley 
table concentrate with a pair of tweezers under a low-power microscope. 
Specimens of apparently pure pyrite so obtained were analyzed for copper 
and many samples assayed from 0.75 to 1.00 per cent. copper. The 
conclusions drawn from this work were that copper existed in the pyrite 
in solid solution and not as inclusions, and that rejection of pyrite would 
necessarily entail a loss of copper, no matter how fine the grinding. 
Even with such copper loss, the doubling of the copper content in the con- 
centrate would be a paying proposition, therefore the work was continued. 
Samples of Wilfley table concentrate were sent again to the Bureau of 
Mines for microscopic examination to check or disprove this theory. 
R. E. Head’s report of this work, under date of June 10, 1925, is in part 


as follows 


__ In order to obtain accurate data on the copper content of the pyrite, two samples 
were hand-picked by the aid of the binocular microscope, and only particles that 


se abi the oes 
sis in which the method described in Bureau pe a 
was employed. This method is known as the Ro 
factory for mechanical analysis of mixed sulfide minerals. — ' 
The results of the chemical and microscopic analyses Pe ae 
former showing a copper content of 0.25 per cent. and aie nine 
er cent. " 
ji The pyrite particles cei in this portion of the work were of one 3 
the fact that the material was representative is evidenced by the ria 
results obtained. Painegt 
This work indicates quite conclusively that the copper content of the Utah 
pyrite is comparatively small. us 


Forms in Which Copper Is Associated with the Pyrite 


Copper is associated with the Bingham pyrite in two distinct forms: (a) as sana : 
particles of copper-bearing minerals, and (b) as films of chaleocite on the outer surface 
of the pyrite grains similar to that gic By on the pyrite from some porphyry deposits — 
in the Southwest. a 

The included copper minerals are of cosh importance in view of the objective \ 
contemplated, since it is obvious that they must be liberated during crushing. Fail-_ 
ure to do so would involve an additional loss of copper in the tailing, if pyrite were 
“dropped” during flotation. 

By far the greater portion of the included sulfide particles in the pyrite consists of 
chalcopyrite, but occasional particles of chalcocite and bornite were found in the 
material examined. There appears to be no regularity in the distribution of the 
copper minerals in the pyrite, some grains containing but one inclusion but occasional 
grains of pyrite were found with two or more included particles of copper-bear- 
ing minerals. 


Possibility of Liberating Included Copper Minerals by Crushing 


From microscopic measurements of the copper-bearing mineral particles included 
in the pyrite grains it is estimated that fully 50 per cent. of them would be liberated by 
grinding to the extent now practiced at the Magna and Arthur plants of the Utah 
Copper Co. The included copper minerals do not have the appearance of being true 
intergrowths with the pyrite but give the impression of having been mechanically 
included in the pyrite at the time of its formation. Their presence, therefore, consti- 
tutes zones of weakness in the pyrite which would fracture more readily than would be 
the case with homogeneous pyrite. That practically all the included particles are | 
liberated under present grinding practice is indicated by microscopic examination of 
briquets made up of the flotation feed. Such inclusions as remain locked are of 
extremely small size (smaller than 300 mesh) and from a standpoint of copper content | 
would be of negligible importance. 


This work proved conclusively that entirely barren pyrite could be 
eliminated if the grinding were fine enough, and completely negatived 
the idea of solid solution. The problem then became one of finding a 
method to reject the pyrite in flotation. Some work had been done with 
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flotation reagents. A new reagent called ‘“ Aerofloat,”” which was devel- 


aa oped in the Utah Copper research laboratory, had been tested for a year 
_ or more in acid, alkaline and neutral circuits in the laboratory. This 
_ reagent in alkaline circuit showed a consistent tendency to leave iron 


_ sulfide in the tailings, even when no specific iron depressor was used. 


_ This phenomenon was first noted because of the routine laboratory 


practice of panning the test tailings for sulfide mineral. The presence 
of a considerable amount of sulfide minerals in every tailing sample 
from alkaline tests using Aerofloat at first led to the belief that this reagent 
was making poor copper recoveries, but actual assays showed just as 


low tailings as in the tests where all the sulfides had been floated. This © 


laboratory discovery was followed by extensive testing on 400-ton experi- 
mental flotation machines, with the result that the Aerofloat consistently 
made good copper recoveries and concentrate of 6 to 8 per cent. higher 
grade than was formerly obtained. 

At this time, E. L. Tucker of the American Cyanamid Co. was doing 
research work at the U. S. Bureau of Mines at Salt Lake on the use of 
cyanide in depressing iron and his reports led to the testing of cyanide 
again in conjunction with Aerofloat. Good results were obtained with 
this combination with a few exceptions. During February, 1926, one 
day’s results showed high copper losses in the tailing on the machine 
where iron was being rejected, and the theory was advanced that with 
this particular type of ore, iron and copper minerals were closely associated 
and the iron had carried copper into the tailing. This was a possibility, 
since the grinding at that time was over 20 per cent. material on 100 mesh. 
Samples of this tailing were sent the Bureau of Mines and Mr. Head 
again reported on March 20, 1926, his microscopic examination as follows: 


The entire surface was first examined in order to obtain an idea of the extent to 
which grains of pyrite containing included copper minerals occurred. This cursory 
examination indicated that associated pyrite-copper mineral associations were exceed- 
ingly rare and a detailed count was therefore made of three squares of the briquet. 

The result of this work was as follows: 
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The amount of copper represented in these five included grains is obviously negligible 
and substantiates former work on Utah Copper ore, thus further emphasizing the 
statement that elimination of pyrite would result in no additional copper loss due to 
the presence of included copper minerals in the pyrite. 

Attention was next given to an examination of the sulfides concentrated from the 
tailing. This granular product was spread over the surface of cross-section paper in a 
layer one particle thick. As the mineral particles of a square were examined, that 
particular square was checked off by marking with a pencil to avoid duplication 


in counting. 


ine circuit, but results were not promising with the old 


In looking over the elo duct, probab! ly i 
noted that a surprisingly large number of the ¢ cite | 

their surface covered with what appeared to be gangue cers S 
The extent to which the minerals were contaminated varie ied L fre 


In Bee | to gain some pusaintive idea of the anipibiee of ioe deaee 
so contaminated, numerous squares, selected at random, were counted | 

_ particles in which more than 25 per cent. of the surface was obscured wer 
coated grains. 

In all 590 grains of copper mineral were counted, of whieh 345, or 69 per | “) 
were contaminated as noted. ees 

There is ample reason to assume that such grains would not float as well as th Os J 
whose entire surface was exposed, and it is thought that this condition is largely 
accountable for the losses as shown in the data given on the tests. Under stronaly 
active flotative conditions obtained by reagent regulation, better recoveries of such — 
contaminated grains might be made, resulting, however, in an additional “raising”’ of 7 ee 
pyrite. It may be that under conditions suitable for maximum elimination of pyrite - 
such grains are more easily carried into the tailing. is 

A sample of the concentrate obtained by panning the tailing was mounted in 
Canada balsam and examined under the petrographic microscope to identify the 
mineral which was attached to the surfaces of many of the mineral grains. Itturned 
out to be sericite mica in most cases and in others a clayey substance. This con- 
tamination of surfaces by clay and sericite was not confined entirely to the copper 
minerals but was also noticeable on pyrite surfaces, although to a smaller extent. 

No hand specimens of this ore were available for petrographic study, but one 
would expect that it came from a portion of the deposit in which sericitization was 
well advanced. That the sericite sticks to the mineral surfaces so tenaciously might 

_be due to the fact that the alteration of feldspar to sericite or clay is accompanied by 
an increase in volume, thus establishing an intimate bond with the sulfide surfaces 
through increased pressure. Since the pyrite is crystalline and has hard, smooth and 
regular surfaces, the sericite would not be expected to adhere so strongly. On the 
other hand, the copper sulfides, especially the chalcocite, occur in smaller particles 
having comparatively rough, irregular surfaces, which constitutes an ideal condition 
for the adherence of such finely divided material as clay or sericite mica. 

The conditions described should not be construed as suggesting finer grinding as a 
means of correcting or overcoming the difficulty. The association of the sulfides with 
the clay and sericite is purely a matter of surface contamination, and finer grinding, 
although it might be beneficial, is not advocated as a solution of the problem. Itmay 
be that seasonal conditions might be a factor worthy of consideration in checking up 
the behavior of this type of ore. In other words, such an association might be better 
broken up during crushing if the ore were dry or the reverse might be the most con- 
ducive to good liberation. Observation over a period of time might develop some- 
thing of interest along this line or the possibilities of these two conditions could be 
tested out on a small scale by producing them in the laboratory. 


* 


——————— 


Summary 


EE eS 


The work described in this report gives conclusive evidence regarding two facts, 

: (1) that the extent to which inclusions of copper minerals exist in Utah Caner | 

aM is negligible when the feed is ground to the size used in the tests under con- 
sideration; (2) that sericite mica and clay adhere to the surfaces of the sulfides, thus 
probably lowering their normal rate of floatability, which would account for the 


increased copper loss when differential separation of iron and copper is attempted on 
this particular type of ore. 
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Fine Grinpine to Increase Correr Recovery 


This proved, of course, that the excessive copper loss was not caused 
by inclusions in the pyrite, and suggested the need for finer grinding, 
as Mr. Head suggested, violent mechanical agitation during flotation, 
or chemical treatment, to remove the films of sericite. Since finer grind- 
ing would certainly yield better copper recovery and cleaner pyrite 
rejection, this seemed to be the most economical solution of the problem. 
With increased grinding and classifying capacity which was later installed, 
such extremely high tailing losses on clean sulfide ores have never recurred. 
From data available in 1926 and 1927, the ultimate economical point 
for grinding flotation feed was thought to be about 10 per cent. +100- 
mesh material, which would mean 65 per cent. of material through 200 
mesh. This was as fine a feed as had ever been produced by the mills 
over any period of time and no plant results were obtainable on much 
finer grinding, but it was assumed that to go finer would be too expensive 
an operation. 

Both mills of the Utah Copper Co. gave high recoveries and a good 
grade of concentrate during the year 1927 and up to the middle of Sep- 
tember, 1928. At this time tonnage was increased to such a point that 
the flotation feed ranged from 26 to 30 per cent. of +100-mesh material, 
with a consequent sharp decrease in copper recovery. The management 
then decided to enlarge the grinding capacity of both plants and by Jan- 
uary, 1929, work was under way for the addition of more ball mills and 
classifiers. 

The metallurgical department previously had considered the possibility 
of equipping a laboratory for microscopic work at the plant, but the 
expense and time it would take to train someone for the work made it 
appear more feasible to use the equipment and trained men already avail- 
able at the Bureau of Mines in Salt Lake. If all the companies should 
use the microscopic laboratory of the Bureau, the amount of work to be 
done would necessitate enlargements of both equipment and personnel. 


Through the efforts of Dorsey A. Lyon, a cooperative microscopic labora- 


tory, supervised by Mr. Head, was finally agreed upon, several mining 
and smelting companies entering into an agreement to help finance such 
a laboratory. We were particularly anxious to have a complete micro- 


“scopic examination made of mill tailings and concentrate while the feed 


was relatively coarse, so that the results could be compared with similar 
data taken after the new equipment was put into operation. Such data 
would give definite information as to just what efficiency was being 
attained both on the recovery of the different copper minerals and on the 
rejection of pyrite, data on which was up to this time mostly a guess. It 
had been assumed, from examination of various specimens of ore under 
low-power microscopes in the Arthur laboratory, that the average com- 
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TaBLE 1.—Results of Laboratory Tests Showing Effect of oi 
Flotation Recovery, Utah hagas Hobsint yews 


1AT 0.41 031 0.04 Per Cent+100 
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varying time of grind. Three samples of ore of widely different character _ 
were chosen and ground to sizes ranging from 51.28 per cent. —200 mesh to ] 
99.9 per cent.—300 mesh. The curves show that these ores made tailings _ 
ranging from 0.210 per cent. copper to 0.340 per cent. copper when ground 

to about 31 per cent. +100 mesh. With finer grinding the tailing lines 
converge until, with 1.47 per cent. +100 mesh, all three ores gave tailings 
lower than 0.080 per cent. copper. The assay of tailings also decreases — 
rapidly down to the point of 15 min. grinding, but flatten out from there 
to the 50-min. period. Another interesting result was that with 24% hr. 
grinding, tailings from all three ores increased to 0.600 per cent. copper 
or over. In the light of subsequent microscopic investigations, this 
extremely high copper loss after long grinding is rather a reversal. Every 
effort was made to get good results after this time of grinding; reagents 
were increased, time of float increased and sulfidizing agents added, but 
tailings were consistently over 50 per cent. copper. It is probable that 
the poor results were not due to the size of the mineral, but to surface 
oxidation, which may be checked up later by the use of the microscope. 
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ComposITE SAMPLES EXAMINED BY COOPERATIVE LABORATORY 


As soon as the cooperative laboratory was ready for operation, 30-day 
composite samples of tailings and concentrate were made from plant 
operations and screened into +100, +150, +200 and —200-mesh sizes. 
These samples were submitted to the new laboratory for examination. 
A report was submitted by R. E. Head and A. L. Crawford after an 
enormous amount of painstaking work. 

The —200-mesh material was divided by elutriation into four different 
sizes; 7. e., —75 and +25 microns, —25 and +10 microns, —15 and +5 
microns, —7 and +3 microns. Each of these four divisions was then 
examined separately under the microscope and counts made of the various 
sulfide minerals after panning and briquetting. Theirreport and explana- 
tion of the data follows: 


The attached data sheets show graphically and also in tabular form the results of 
microscopic examination of composite samples of concentrates and tailings from the 
Utah Copper Company mills for a 30-day period. 


TaBLE 2.°—Microscopic Determination of Distribution of Sulfide 
Minerals in Concentrates and Tailings from the Utah Copper Co. 
Composite Samples for a 30-day Period’ 


| | 
| +100 | +150 | +200 | _75 495 | 95 4 19 | —18+5|/-7+8 
sais | Glen. | Gone | Per Cont. | Per Cont. | G2 GS 
Arthur Mill Concentrates 
Pyeiber.. mess cece 29480! 29..26 Qoz22 = 12-35 4.40 1.40 0.75 
Chaleopyrite.......| 55.60) 53.77 59.97) 66.31 lala S2ae 87.54 
Bornite=—. ....6. 03. 2.68) 4.36 6 .97| 5.64 4.18 2.40 0.98 
Chaleocite......... 7.65) 8.95 5.91 8.62 9.24 6.59 4.07 
Covellites.. 3... 6. AD oO 3.93 7.07 11.24 | 6.86 6.66 
YORE Nees ates Pay oR 100.00) 99.99 | 100.00) 99.99 100.23 99.98 | 100.00 
Arthur Mill Tailings 

le oe ee ee 88.00) 89.1 90.3 | 96.5 97.38 | 97.45} 96.5 
Chaleopyrite....... 7.47; 8.13 6.42} 2.45 1.9 1.65 2.07 
Bornite.., Soest anc 1.91} 0.48 0.65! 0.11 0.1 Or Opt 
Chaleocite......... Bao 2.02 2.48 0.51 0.45 0.34 0.68 
Covellites aes: - 7 « | 0.55) 0.24 0.22) 0.37 0.37 0.42 0.6 
Totala. neue. 100843) 99.97. | 100.00) 99298 100.12 99.96 99.95 


@Table 6 in Report of 7/29/29. 
’ The sizes below 200 mesh are reported in terms of microns. 
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The tables and graphs have been developed with the intention of establishing the 
relationship of the copper and iron in the various products and sizes as they are dis- 
tributed mineralogically. This plan was adopted in view of the incontrovertible fact 
that in milling operations copper is lost or recovered in the form of minerals. This 
statement also holds true in regard to the dropping or elimination of iron, hence the 
importance of data concerning their mineralogical distribution. 

The figures given represent the final results obtained by counting, identifying, 
measuring, and converting into terms of metals, approximately 200,000 individual 
mineral particles and covering a size range from 100 mesh (0.147 mm.) to 0.003 mm. 
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Fig. 1.—PERCENTAGE DISTRIBUTION OF SULFIDE MINERALS IN CONCENTRATES AND 
TAILINGS. 
Plotted from data given in Table 2, 


(3 microns), a size much smaller than the openings of a standard 400-mesh sieve 
(0. 035 mm.). 

The graphs [shown here as Figs. 1, 2 and 3] enable a comparison to be made at a 
glance of the mineralogical composition of the concentrates and tailings. Fig. 1 
shows graphically the results in Table 6 [shown here as Table 2], Fig. 2 the results of 
Table 7 [shown as Table 3] and Fig. 3 the results in Table 8 [shown as Table 4] 
They correspond to the figures given in the tables except that in the graphs the eure 
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for the various minerals are given in terms of volumes whereas the corresponding 
tables are computed in weights. 

The value of the data given in the graphs and tables lies in their interpretation and 
application to plant operation. It is obvious that the percentage weight distribution 
of the sulfide minerals in the various products, exclusive of nonsulfide material, is 
highly essential to an understanding of the grinding size requirements as indicated by 
the recovery of the several minerals. Table 5 has therefore been prepared and con- 
stitutes a summary tabulation of sulfides, sulfide iron, and sulfide copper, showing the 
weight percentage distribution of each product by recasting the total per cent. of 
each constituent in the concentrate or tailing to 100 per cent. 

The data presented in this report afford ample ground for careful study by the 
operating departments of the Arthur and Magna mills. Many interesting and valu- 
able conclusions may be drawn as a result of such study and the facts underlying them 


TaBLE 3.*—Microscopic Determination of Distribution of Copper as 
Mineralogically Represented in Concentrates and Tailings from the 
Utah Copper Co. Composite Samples for a 30-day Period® 


| | 
a | +100 +160 +200 | _75 4 95 | 295 4 10 | 1845) —-7 +3 
a | Cue ect. Cane Per Cent. | Per Cent, Geo Cenk. 
Arthur Mill Concentrates 
Chalcopyrite....... 65.0 | 60.75 | 64.8 61.0 58.9 72.0 | 78.7 
Borie rae + 5.04, 7.92 | 12.12 8.33 5.57 3.35) 1.4 
Chalcocite......... 20.65; 22.65 | 14.8 18.3 Uf 3 th 13.25) 8.47 
Cowvellitest sy... 9.46] 7.92] 8.2 1250 17.9 ih oy as 
— ie oe ae | : ee 
Motalenase- 4} LOO a L599" 24, 1°995929)" JOO13 100.07 | 100.10; 100.07 
Arthur Mill Tailings 
l Nl 
Chaleopyrite....... 43.7 |} 58.0 | 47.0 | 54.1 49.25 | 48.7 41.25 
Bormiuene sacs > <r: eel(e95 Soros 7.66) 3282 5.2 5.13 | 4.07 
Chalcocite......... Pe Soeet 38900 o) 942 OF 96 1 26.9 23.0 | 31.4 
Covelliteieny en on a 6.27 359 3.2 | 16.0 18.65 | 23.0 23.3 
(Ro talcr gcore csc 100.72, 100.07 100.06 99.02 100.00 | 99.83 | 100.02 


@ Table 7 in Report of 7/29/29. 
’ The sizes below 200 mesh are reported in terms of microns. 


can undoubtedly be demonstrated and checked by experimentation in the laboratory. 
The following items are noted as the outstanding features developed during the 
present study. 
1. With the grinding practice in effect when the samples described in this study 
were produced (approximately 50 per cent. minus 200 mesh), the greater portion of 
the sulfide minerals are liberated. (See No. 5 for further explanation.) 


468 MICROSCOPIC STUDIES OF MILL PRODUCTS 


2. From a standpoint of total copper represented mineralogically the minerals 
occur in the following sequence of importance: (a) chalcopyrite, (b) chalcocite, (¢) 
covellite, and (d) bornite. ‘ 

3. Better recovery of the chalcopyrite is being made than is the case with the other 
copper minerals. 

4. The highest recoveries and the best grade of concentrates are made in the 
minus 200-mesh size. By separating the minus 200-mesh material into four size 


ArtHur Mitt ConcENTRATES 
Sieve Sizes Micron Sizes 


Sees ku 
Skee agags 
2 shot Near 
100, 
Coyellite i 
90 
ite 80 
nee Rees 
; 70 Tr | 
Bornite 2 (eee 
5 le ee eae 
wie . c S Lis iwW 
: 4 4 
Chalcopyrite & & Ss & Ss 
STST ST eps Taye 
Stiststststs 
Rs FIS[SIR[& 
TEREST 
Sieber 
Chalcopyrite STs S 
ais Q 
STN TN Te 
SILI TE 
HH TT 
Bornite oe 
Chalcocite Ree 
Covellite 


Sieve Sizes Micron Sizes 


ArtHur Mii TAILINGS 


Fig. 2.—PERCENTAGE DISTRIBUTION OF COPPER AS MINERALOGICALLY REPRESENTED 
IN CONCENTRATES AND TAILINGS. 
Plotted from data given in Table 3. 


classifications, the study shows a progressive increase in recovery beyond the minus 
19 micron size (—800 mesh). The additional increase in grade and recovery are 
obviously subject to grinding costs and other practical and economic considerations. 
4a. It is of interest to note that the elimination of pyrite is progressively better in 
the finer sizes. 
5. The increased recoveries and generally favorable facts regarding fine grinding 
of the sulfides are probably due to the production of particles having fresh, untarnished 
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surfaces which are more readily floatable than those whose liberation alone has 
been accomplished. 

6. Although the present report has resulted from intensive study the results 
tabulated suggest that further work of a like nature is necessary to make the survey 
complete. In this respect it appears that a study of primary slimes would be impor- 
tant since much of the copper content of this product may be represented by tarnished 
or partly oxidized sulfides together with strictly oxidized copper minerals. Separate 
treatment of the primary slimes might prove attractive and feasible from a mineralogi- 


TaBLE 4.*°—Microscopic Determination of Distribution of Iron as 
Mineralogically Represented in Concentrates and Tailings from the 
Utah Copper Co. Composite Samples for a 30-day Period? 


+100 | +150 | +200 | _75 4 95 | 95 4 49 | —15+5|-74+3 
aaa Eo | EH. | ES, | Percant’ | Porcne | Pe | ea, 
Arthur Mill Concentrates 
Porites cd 444 | 4d 35.8 | 21.4 8.38 | 2.48| -1.28 
Chaleopyrite....... | 54.2] 53.3] 60.45) 75.2 88.8 | 96.2 | 98.0 
Bormite. wo. as ee | 1.4 23 S771 3.4 232" 1:48 5.9 
arate eet goss 100.00) 100.00 100.02) 100.00 99.50 100.16 | 99.87 
Arthur Mill Tailings 
Pipe kro ce | 94.0 94.2 95.4 | 98.5 98.7 98.8 | 98.7 
Chalcopyrite....... cone 5.63) 4.45) 1.64 1.26 | 11 18 
Borniter. dss. oe 0-350 .0. 17) O.26r 0,04 0.04 me 0.04 
GUA cee oo 100.00 100.00 100.10 100.18 | 100.00 | 99.94 100.04 


@ Table 8 in Report of 7/29/29. 
> The sizes below 200 mesh are reported in terms of microns. 


eal standpoint. The economies of such procedure have no doubt received considera- 
tion on the part of the operating department. 
Criticism and comment on this report are invited. 


CHEMICAL ANALYSES TO COMPLEMENT Microscopic StTupyY 


To check up and complement this microscopic report, chemical 
analyses of these same products were also made, and mesh recoveries 
calculated on total, sulfide and nonsulfide copper and sulfide iron. 
These results are shown in Tables 6, 7, 8,9. Recovery of copper sulfide 
minerals as shown by chemical analysis checks the microscopic data and 
shows the amount of increase as the mineral particles become smaller, 
although for the chemical work no separation was made below 200 mesh. 
The calculated mesh recoveries of sulfide iron are likely to be misleading 
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unless interpreted by the microscopic analysis, for even the sulfide iron — 
recovery increases with decrease in particle size. This is due to sulfide 
iron combined as chalcopyrite and bornite and not to increased pyrite 


recovery in the finer meshes. A study of both the microscopic and chemi- 
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Fic. 3.—PERCENTAGE DISTRIBUTION OF IRON AS MINERALOGICALLY REPRESENTED 
IN CONCENTRATES AND TAILINGS. 


Plotted from data given in Table 4. 


cal analysis of the mesh products together with a knowledge of mill 
problems indicates the following conclusions: 

1. If Utah Copper ore is ground to all through 100 mesh with ample 
classification, approximately 97 per cent. of the copper present as sulfide 
will be found in the —200 mesh. (See Table 10 for comparison of two 
degrees of grinding.) The microscope shows that little improvement in 
copper recovery can be made on mineral below the — 200 and +25 micron 
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size; therefore to grind the flotation feed all through 100 mesh is probably 
as far as grinding can be economically carried. 

2. Although pyrite rejection improves steadily even to the finest 
meshes, yet the increase in rejection as between the +25 micron size and 
the +3 micron size could not possibly pay for the cost of such grinding. 


TaBLE 5.*—Summary Tabulation of Microscopic Determination of 
Sulfides, Sulfide Iron, and Sulfide Copper in Utah Copper Concentrates and 
Tailings 
: Showing Weight Percentage Distribution of each Product by Recasting Total Per 
4 Cent of each Constituent in the Concentrate or Tailing to 100 Per Cent. 
| | Po Monade 
Chaleo- | Covel- | 


cite | lite 


Chalco- 
pyrite 


| | 
| 
i) 


Born- 
ite 


Size Split | Pyrite | 
| Iron | Copper 


Arthur Mill Concentrates 


Mesh 
sie OO ese gage ve 2. meee LORS a Gir A 30a 4084) 2.86) 5.2) 3.30 
+150 bese Bee 27.9 8.8 P25 Li 1430 6.15} 12.7; 9.70 
oO ee ee ee Oe |. LTO 21.7) 10.4 7.48) 14.1) 11.40 

Microns | 
TGS eA lee Sn oats 26.3 24.2 35.7; 30.0 | 26.71) 24.9) 26.50 
SO ap Opeaegeee ener G8) |) ile Withee) PAIR) SS 81) 15.3) 19.90 
V1) Se Wns aa teages 07 1.08 11.2 5.5) 8.5 D261 OO 1LORS5 
ST Ouse ake coe 0.86 | 17.1 3.3] 7.6| 13.51] 13.6) 14.60 
Settled between 20 min. | | | | 

NOG. oSoleors 6 eas 0.126 | 5.4 LO 204 4.16) 4.4) 3.60 
Suspended after 30 hr. 0.034 RO 0.2) 0.4 0.71; 0.7; 0.45 
Lotalee a autpiathtete il 100.000, 100.0 | 100.0) 100.0 | 100.00, 100.9) 99.80 
Arthur Mill Tailings 

Mesh | | 
1000... eeer| 145 | 82.2 | 66.2) 36.3 | 17.7 | 14.0) 33.0 
el eae reels aD WS 16.7 4) T9014) 857) 6.6) 13.8 
BaD he ewig es tol O20 of 12.5 10.2; 16.5 3.2 7.3) 12.4 

Microns | | | | 
Serato QOL ede nt sess == 6:7 ~ | 4.5 Poy 3.2) 5.0) 11.9) 3.8 
Cy skye ere cou ANE ear amt a la ce 
SE) ete at seed nn. tinns hse ome le 7 | 6.6 3.1) 4.7); 12.5) 13.6) 6.4 
SNES Eitess, Geis eiereaie Pe || P78) 4.6) 12.5 iezone | 19.5) 13.3 
—5 (estimated)........ tos ee) | 11.3 | 4.7) 9.5 | 26.0] 19.4) 18.7 
Deg e et ora 100.0 | 100.0 (100.0, 100.0 | 100.0 | 100.0 100.0 

a ee ee SE Bl et el 


«Table 9 in Report of 7/29/29. 
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3. Average Utah Copper ore at the present time contains copper 
sulfide minerals in about the following percentages: 


MINERAL IN ORE, CorprER CONTENT, 
Per Cent. Perr Cent. 
Chaleopyriteteen a ee ce nee er 80 pas : 
GChaleocites: a 2g e0b on et Sacer ee 9 4 : ; 
Covellite:? <0 see teens eet Ch 66. 
Bornitesdusac 2s toes oes ek torre ens 4 63.3 
IN SCN oOo oa ce namo bh eu oHosre cose 76 = .96 


Fic. 4.—DIssEMINATED SULFIDES IN QUARTZ-SERICITE GANGUE. XX 165. 

Portion of a quartz-sericite grain about 5 mm. dia. This grain was one of several 
random particles from the experimental heads of the Arthur plant briquetted in bake- 
lite and ground to a thin section. The photomicrograph was taken with transmitted 
light and the sulfides, mostly pyrite, thus show as black specks in the transparent 
quartz-sericite gangue. The large black spot is a pyrite crystal slightly over 0.1 mm. 
(1004 or —150 mesh) in diameter; the next largest is under 0.02 mm. (20u) and many 
sulfide specks smaller than 5u can be seen readily. 


With about 9 per cent. of inert matter (insoluble and acid-soluble 
silicates) present, these minerals would give a concentrate of 38.19 per 
cent. copper, even though no pyrite whatever were floated. The mills 
have made 32 to 33 per cent. copper concentrate on similar ores with the 
feed ground only to 10 per cent. plus 100 mesh, hence the conclusion No. 2. 
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4. It has been a belief of many flotation research men that pyrite 
if ground to very fine meshes floats readily and is hard to depress. These 
microscopic results prove that just the opposite is true so far as Utah 
Copper ore is concerned. 

5. Separate sand and slime treatment offers a possibility of making 
a fair recovery of nonsulfide copper and much work has been done along 
this line. From 75 to 85 per cent. of the nonsulfide copper in this flota- 
tion feed is present in the —200-mesh size. 

These conclusions are obviously almost in perfect agreement with the 
outstanding features noted by the microscopists. 

Composite samples of tailings and concentrates are now being pre- 
pared with grinding averaging from 5 to 7 per cent. +100-mesh. These 
will be examined in the same manner as the previous samples, taken when 
grinding was poor, and comparisons will be made. Unfortunately, these 
results will not be available in time to present in this paper, but screening 


Fig. 5.—PyYRITE CRYSTALS ENCASED IN THIN CHALCOCITE SHELLS. XX 165. 

Pyrite is dark because of being rough and unpolished. Chalcocite was polished 
smooth so that it reflected a large amount of light to the photographic plate and 
therefore appears light in the picture. Thin shells of chalcocite and covellite often 
occur surrounding pyrite grains in the + 100 and +150-mesh sizes but are difficult to 
show in a photograph owing to the great difference in the hardness of the minerals 
and to the fact that chalcocite and covellite, unless highly polished, appear similar 
to the bakelite matrix in a photograph. The chalcocite shell is from 10 to 25 microns. 
It is evident that pyrite grains coated as illustrated react with flotation reagents 
as though they were entirely chalcocite, and until the shell is removed by finer grinding 
a clean separation is impossible. These grains are from the +150-mesh Arthur 
concentrates. 

Fig. 6.—PyYRITE EMBEDDED IN CHALCOPYRITE AND COVELLITE, X 290. 

From briquet of Arthur mill concentrates —100 mesh +150 mesh. Black spots 
are pits which did not reflect light to the photographic plate. The theory advanced 
in the description of Fig. 5 regarding floatability and liberation applies to grains of this 
character. 

Fig. 7.—CHALCOPYRITE ENCASED IN CHALCOCITE. X 290. 

From Arthur concentrate —100 mesh +150 mesh. Although this grain is com- 
posed of two minerals, liberation is not as important as with the pyrite-copper minerals 
shown in the preceding figures. This grain would have, presumably, the floatability 
of chaleocite, and finer grinding, liberating the constituent minerals, would be of 
advantage because under prevailing practice at the Utah Copper Co, plants, better 
recovery is made of chalcopyrite than of chalcocite. 

Fic. 8.—A FREE PYRITE GRAIN, A PYRITE CUBE SURROUNDED BY CHALCOCITE. 
AND A GRAIN OF BORNITE-CHALCOCITE. X 290. 

Area on surface of a briquet of Arthur concentrates —100 mesh +150 mesh. 
Shells of copper sulfides on pyrite grains are undoubtedly responsible for presence 
of some of the pyrite in the concentrates. 

Fic. 9.—CoMPLEX BORNITE-CHALCOPYRITE ASSOCIATION. X 290. 

Bornite containing secondary chalcopyrite veinlets arranged along the crystallo- 
graphic directions of the bornite. This illustrates the impossibility of securing 
complete liberation of copper minerals even by extremely. fine grinding. In the 
pyrite-chalcocite middling grain the intergrowth is not so intimate and would be 
broken up by slightly finer grinding. Arthur concentrate —100 mesh +150 mesh. 

Fig. 10.—BorNITE-CHALCOPYRITE-COVELLITE INTERGROWTH. X 290. | 

Particle from Arthur mill concentrates, —100 mesh +150 mesh. Center is core 
of bornite about 35 microns thick containing minute secondary veinlets of chalco- 
pyrite, surrounded by rim of chalcopyrite about 30 microns thick, which in turn is 
encased in thin shell of covellite from 7 to 10 microns thick. Black spots are pits 


in surface of the minerals. 
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TaBLE 10.—Flotation Feed, 30-day Composite, Utah Copper Co. Arthur 


Plant 
Material ‘ | Copper 
Mesh A 
A se Pp ’ ccum., 
Grams Per Cent. Bien Per Cent. want a 
Actual Mill Grinding, No. 1 
Original 660.0 — 0.970 
+100 54.6 Sra 8.27 | 0.188 eG 61% 
+150 72.3 10.95 19.22 0.300 3.39 5.00 
+200 61.5 9.31 28.53 0.645 6.19 TAG 
— 200 471.6 71.47 100.00 1.205 88.81 100.00 


Cut of Same Heading, After Regrinding 5 Min. in Laboratory Ball Mill No. 2 


500.00 0.960 
+100 930) 1.80 1.80 0.160 0.30 0.30 
+150 24.3 4.86 6.66 0.200 1.01 1.31 
+200 39.4 7.88 | 14.54 0.420 3.45 | ~ 4.76 
—200 427.3 85.46 | 100.00 1.070 95.24 100.00 


Calculated total copper recovery, Grind No. 1, 90.836 per cent.; Grind No. 2 
92.463 per cent. 


and chemical analyses of 30-day composite samples from feed averaging 
9.60 per cent. +100-mesh material have been made and are given in 
Tables 11, 12 and 13. 

The two runs of ore covered by Tables 6, 7, 8 and 9 and by Tables 
11, 12 and 13 are almost alike in nonsulfide copper content, and both are 
about average for Utah Copper ore during the past year or more. On 
account of the very low recovery of nonsulfide copper, any increase of 
nonsulfide in the heading means a certain increase in tailing loss. In 
addition to this, sulfide copper recovery also decreases with ores high in 
nonsulfide. A comparison of these two sets of tables shows the decided 
improvement in metallurgy on the later run, total copper recovery having 
increased from 82.13 to 90.67 per cent. and the grade of concentrate 
increasing from 30.26 to 31.95 per cent. It may be noted that the per- 
centage of recoveries on the +100, +150 and +200 meshes have decreased 
with finer grinding, even though the tailing mesh assays are lower. This 
is due entirely to the fact that these meshes in the heading assay are so 
much lower than with coarse grinding. The coarse grinding was done 
with an average daily tonnage of 27,643 and before any new grinding 
equipment was in operation. The fine grinding is from an average daily 
tonnage of 24,017 with all the new grinding and classifying equipment 
installed. That the new equipment has done all that was expected in 
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the way of better metallurgy is evident. That still more grinding and 
classification will be profitable is also indicated by the microscopic work — 
and by the example used in Table 10, for an increase of 1.6 per cent. in 
total copper recovery gives a fairly large margin of additional profit to 
work with. 

There still remains to be made a microscopic study of gold and silver, 
but this will be difficult on account of the very minute quantities in 
average heading and tailing. During the test period when iron was first 
being rejected, the recoveries of gold and silver were checked against 
machines floating all the pyrite. Silver recovery apparently was not 
affected at all, going up and down in proportion to the copper recovery, 
-and gold recovery dropped slightly. Actual mill results since that time 
have confirmed the fact that silver recovery has been high with high 
copper recovery and low with low copper recovery. Some of the gold 
in Utah Copper ore is free at coarse meshes, and was frequently visible 
on the Wilfley tables until the tables were discarded. Some gold, how- 
ever, is closely associated with the pyrite and is carried into the tailings 
with it unless the pyrite is ground to the finer meshes. With coarse 
flotation feed, pyrite has been refloated out of the mill tailings, and when 
assayed was found to contain 0.025 oz. gold per ton. Even at that time, 
the total gold recovery had only decreased 2 to 3 per cent. over what it 
was when part of the gold was removed on tables and all the pyrite was 
floated. It is expected, therefore, that with feed ground to 85 per cent. 
—200-mesh, gold recovery will be practically as high as though all the 
pyrite were floated. Silver recovery has not suffered at all through 
rejection of pyrite. 


SUMMARY 


Careful microscopic examination of mill products has been an invalu- 
able aid to the metallurgical staff at the Utah Copper mills in pointing 
out possible improvements in metallurgy. All of the early microscopic 
data were made available by the cooperation of U. 8S. Bureau of Mines 
Experiment Station at Salt Lake. Later,.when the volume of work 
increased beyond the point where it could be handled by a one-man 
laboratory, various companies, together with the Bureau of Mines, 
equipped and are helping to support a new cooperative microscopic 
laboratory. This makes possible much more exhaustive investigations 
than were undertaken previously. Careful chemical work, together with 
actual mill results, have proved the microscopic data correct in practi- 
cally every case. Further microscopic work will be necessary from time 
to time because ores in the Utah Copper mine vary widely in charac- 
teristics and mineral content. 


OO WE) Bao, Gee En DISCUSSION 


A FO. Cc. eer Clarkdale, Ariz.—At the United Verde Copper Co. we have been 
ni oa doing the same thing for the past year and a half. We have installed an ore-dressing 
_ microscopist. When we are grinding everything for flotation, it is almost impossible 
to tell anything about mineral losses or dilution of concentrate by ordinary visual 
inspection, and while a mill is in operation, the daily assays, if they are wrong or 
embarrassing in any way, can be explained away by the mill operatives by many | 


fanciful hypotheses—bad ore, locked mineral, dissolved salts, any number of alibis— 
and it is really almost necessary to, you ae say, check up on mill operatives by 
having someone with a microscope actually look at the material and see if any of these 
possible explanations are correct. 

It is impossible to tell much by simply putting ground material under the micro- 


_ Scope. Specimens must be prepared. We started by embedding specimens in wax, 


the so-called ‘‘chaser” wax that the Geological Survey uses for making sections of 


_ granular materials, but this wax was not good for such a preparation because for 


material under 200 mesh the preparation came out full of bubbles. When a polished 
section was made through such a briquette, there were too many pits caused by 
the bubbles. 

We have adopted a powdered bakelite as a binder, curing the bakelite in an 
electrically heated press, taking from 10 to 15 min. to prepare a briquette. When a 
slice is taken through, there is an opportunity to see what each grain really has in it, 
because the polished section shows a great many things, especially the presence of 
locked mineral grains. 

The microscopist reports the approximate percentages of each mineral that is 
present as locked mineral grains or as visibly locked mineral grains. In taking a 
cross-section through a mineral grain, it may be that the invisible part of the grain 
consists of something else and any one mineral grain may have any number of other 
things attached to it in the invisible, buried portion. 

However, for ordinary grinding the size necessary for liberation is being approached 
and the usual locked mineral grain will contain only two minerals. If the average 
locked mineral grain is one-half of one mineral and one-half of the other, with a plane 
interface between the two, we might in making the cross-section pass the plane of 
cutting parallel to that interface, or at either of the two sets of planes perpendicular 
to it. All of the planes paralleling that interface will show only one mineral. All of 
the two sets of planes perpendicular to that interface show two minerals in the grain. 
Therefore, roughly, the probability is that for every two grains that are visibly locked, 
there is a third one which is not visibly locked; consequently, the microscopist’s 
estimate of, say, 10 per cent. visibly locked chalcopyrite must be corrected to 15 per 
cent., probably locked chalcopyrite. The same reasoning can be extended to 
planes not parallel or perpendicular to the interface. 

By -frequent examinations of briquetted materials, concentrate, tailing, various 
intermediate products, it is astounding to find, for instance, a concentrate loaded with 
rejectable pyrite, or to find a tailing containing too much recoverable mineral; the 
diagnosis then is that it is a poor flotation condition. The cause of the condition must 
be sought elsewhere, but at least more of the truth can be learned of what is going on 
in the flotation mill. 

The grinding problem at Clarkdale is a serious one. The massive sulfide ore 
requires about 800-mesh grinding for 90 per cent. liberation of the desired minerals, 
and of course that is at present commercially impossible. It is necessary to separate 
the sizes of material actually obtainable and study them separately to see how much 
liberation can be obtained with different grinds and to accept the best compromise 
indicated by that study. Therefore, the microscopic laboratory needs not only the 
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briquetting press but an elutriation apparatus to separate fines, as no screens can be 
had finer than about 300 mesh. In our case, with a massive sulfide ore, elutriation is 
entirely satisfactory; we make cuts at the equivalent of 400-mesh, 800-mesh, and 
occasionally 1600-mesh sizes, to be separately briquetted, er and studied by 


the microscope. 


C. E. Locke, Cambridge, Mass.—What pressure do you put on the briquette? 


O. C. Ratston.—The briquetting press is a small home-made steel spool wound 
with resistance wire, making a cylindrical briquette about 1 in. dia., perhaps 14 in. 
thick, and the pressure is put on by a hydraulic jack of 114 tons total capacity. We 
never exert the whole pressure on the 34-in. sq. cross-section. Probably one ton is 


actually exerted. 


C. E. Locxe.—It was my impression that Professor Gaudin now goes up to 
practically 2 tons pressure in some of his briquette work. That point is very interest- 
ing in showing that what appears to be a minor detail really becomes an important 
factor in the development of certain lines of investigation. Originally in doing 
microscopic work we thought all we had to do was to mix up the ground material 
with some sort of wax and then polish it. We have found that-it is not so easy, and 
that a great deal of technique must be developed. 
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a Selectivity Index; a Yardstick of the Segregation 
a4 Accomplished by Concentrating Operations 


By A. M. Gavupin,* Burret, Monr. 
(New York Meeting, February, 1930) ' “ 


_ Direct quantitative comparison of the results of concentrating 
operations on different ores is frequently desired but almost impossible 


_ to obtain if comparison has to be made by means of two quantities for 
each ore, as must be done at present. This paper represents the out- 


growth of attempts to arrive at a single-number quantitative measure 
of the segregation between minerals or metals as the result of 
concentrating operations. 

The usual practice in estimating the effectiveness of concentrating 
operations, particularly those of ore dressing, has been to determine the 
recovery of the metal or mineral of interest and the grade of the concen- 
trate. The difficulty in quantifying the effectiveness of concentration 
by the usual criteria may be illustrated by a few examples. Consider, 
for instance, two lead ores which yield by flotation the same recovery 
of lead, say 92 per cent., and the same grade of concentrate, say 60 per 
cent. Pb. If a substantial difference in the grade of the feed had existed, 
say if one ore contained 5 per cent. Pb and the other 10 per cent., it is 
clear that the concentrating operation was more effective in the case of 
the lower grade ore. It is difficult, however, in the light of these data to 
state how much more effective was the concentration of the lower grade 
ore. -Consider again two lead ores containing 5 and 10 per cent. Pb and 
yielding concentrates containing 60 and 72 per cent. Pb respectively, 
with recoveries of 93 and 92 per cent. respectively; it is well-nigh impos- 
sible to tell from these figures which results represent the best separation 
of the minerals. It may be noted that in the usual method of estimating 
the effectiveness of the segregation of mineral values, no considera- 
tion is given to the rejection of the unwanted substances from the 
concentrate, except in the very indirect manner in which it enters into 
the grade of the concentrate. Consideration of the rejection of gangue 
from the concentrate, adequately weighted with recovery of the desired 
mineral in the concentrate, should supply an adequate criterion of 


concentration effectiveness. 


-* Research Professor of Ore Dressing, Montana School of Mines. 
483 


-solidated Mining and Smelting ¢ of Chiactan 
using an index known as_ aretalirieal efficic 
requirement of considering the rejection ¢ of the t 
the concentrate. As applied to the ‘Kimberley. ore, 
adding the recovery of the lead in the lead concentrate to. that | 
in the zinc concentrate and to that of the iron in the tailing, the 
the sum by 3. The nearer this average is to 100, the more perf ot is 
metallurgical efficiency. 7 
A somewhat similar index called “coefficient of perfection” was 
for two years in the author’s laboratory.2. This number is obtaine 
adding the recovery of one of the minerals or metals in. the concen 
to the recovery of the other metal or mineral in the tailing and subtra , 
100 from the sum. The larger the coefficient of perfection, the better — 
the separation. This coefficient of perfection is similar to Diamond’s 
- metallurgical efficiency but it is always numerically smaller; in other oy 
words, it places added emphasis on the removal of the last traces of 
impurity in a segregated product. ‘ aS : 
The disadvantage of both the metallurgical efficiency and coefficient | 
of perfection is that the improvement in the work that results from small : 
increases in the indices when these approximate 100 does not receive 
adequate recognition. For instance, a coefficient of perfection of 98 
represents work vastly better than a coefficient of perfection of 96, 
although, when expressed as a coefficient of perfection, the improvement 
seems to be of the order of 2 per cent. It is to overcome this defect that 
a new index was developed, which has been called the selectivity index. 


rue 


SELECTIVITY INDEX 


In order to arrive at a simple definition of the selectivity index it is 
perhaps easiest to consider an example. Let it be assumed, as above, that 
92 per cent. of the total lead in an ore is recovered in the concentrate by 
flotation, and that the rejection of the gangue is 95 per cent. Clearly — 
the recovery of the gangue is 5 per cent., so that the floatability of the 
lead is 926 times as great as that of the gangue, since it is recoverable 
to an extent 926 times as large. This ratio 924 is then a measure of — 
the relative floatability of the lead minerals and the gangue minerals. 
Similarly, the rejection of gangue is 95 per cent. and the rejection (or 
loss) of lead is 8 per cent., so that the relative rejectability of gangue and 


a 


1R. W. Diamond: Ore Concentration Practice of the Consolidated Mining and 
Smelting Co. of Canada, Ltd. Flotation Practice, A. I. M. E. (1928) 102. 

?A. M. Gaudin, H. Glover, M. S. Hansen and C. W. Orr: Flotation Funda- 
mentals, I. Utah Eng. Expt. Sta. Tech. Pub. 1 (1928). 


_ in bringing about the segregation of the minerals: some average between 
_ these numbers should therefore constitute an adequate BS Nees to 
“measure the quality of the segregation obtained. 

‘Before proceeding to the determination of how the average between 
the relative floatability and the relative rejectability of the two substances 
__ should be struck, it might be of interest to note that the ratio between 
__ the recovery and rejection of each substance has some definite significance: 
__ it may be construed to represent a measure of the recoverability of the 
substance. In the above instance the recoverability of the lead is 92¢; 
_ that of the gangue is 545. The ratio of the recoverability of the galena 
_ to the recoverability of the gangue is a measure of the segregation of the 
lead and gangue into concentrate and tailing. 


Of the various averages that can be calculated, the arithmetical and ) 


the geometrical average appear to have the widest application and justi- 
fication in the field of the natural sciences. In thisinstance, a geometrical 
average in place of an arithmetical one prevents undue weight being 
- placed on one of the ratios, which would lead to a warped estimation 
of the effectiveness of the segregation if one of the factors were much 
larger than the other; also, it leads to a factor that is identical with the 
ratio of the recoverability of one mineral to that of the other. Thus, 
in the example taken above, the selectivity index calculated by one 


(938) 
: method becomes +/ (924) X | ) X (95¢), and by the other method (Ben) 
95 


These two averages are identical. 


CALCULATING SELECTIVITY INDEX 


In calculating the selectivity index the easiest way would appear to 
consist of the following steps: 

1. Calculate the recovery, x, of any one certain metal or mineral; the 
rejection of that metal or mineral is 100 — 2; the ratio 2/(100 — 2) is 
‘the first term to be averaged. 

2. Calculate the rejection, y, of any one certain metal or mineral; the 
recovery of that metal or mineral is 100 — y; the ratio y/(100 — y) is the 
‘second term to be averaged with the first. 

3. The square root of the product of «/(100 — x) and y/(100 — y) is 
the selectivity index sought. 

The selectivity index has been in use at the author’s laboratory for 
about one year and during this time has become thoroughly tested as 
to its applications. It has been found to have wider use than was antici- 
pated at first, because of allowing a direct comparison between the work 
at various mills treating different kinds of ore, or between mills treating 
ores containing different proportions of the same minerals. It has thus 
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mineral ad tha | gangue cae ie aside as equally cee : 
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comparison of the fletivenes scram 
ut hese 


Plant No. beet 

} _| Lead-zine | Lead-iron 

al 1926 2.3 ee 

2 1926 5.8 | 15.6 

3 1925 9.6 10.8 

4 1925 4.0 — 

5 1928 14.2 15.9 

6 1929 10.9 14.3 

ve 1929 9.7 19.4 

8 1928 9.0 AS as 

9 1928 6.9 1331 

10 1927 6.8 amas 
Geometric averages........ Cal “154k 


Gan 
a | 
| 


ite 


34.8 i oe 

73.0 614) 
aaa 14.9. 4 
53.2 16.0 | 
28.7 8.8 | 


39.0° 40 111+ | 


a eee 
TABLE 2. Lid abit Averages of Selectivity Indices in Selective Flotation — % 


Kind of Ore 


Free-milling sulfide lead-zine ore. 
Complex sulfide lead-zine ores. . . 


Oxidized lead-silver ores........ 


Plants 


Cycle 


Lead 
Lead 
Lead 
Lead 


Zine 
Zine 


Lead 
Lead 
Lead 
Lead 


Selectivity Index 


Lead-zine 
Lead-iron 
Lead-nonsulfide 
gangue 
Zinc-iron 
Zine-nonsulfide 
gangue 
Lead-all gangue 
Lead-insol. 
Lead-lime 
Lead-iron 


Numerical 
Value of 


Selectivity 


Index 


Lead-zine 
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Its usefulness would seem to transcend its applications in flotation, and 
in other branches of ore dressing; there seems to be no reason why it 
should not apply equally well in other metallurgical operations such as 


smelting, roasting, and refining. 


In ore dressing it would be preferable 


to determine the selectivity indices in terms of minerals rather than in 


n CO bles a tending ores; Table 2 presents ‘sig geo- 
erages of several selectivity indices in a number of flotation 


Iler than the lead-iron index and that the lead-nonsulfide gangue 
in nde is much larger than either. Table 2 gives a quantitative notion 
e relative ease of separation of various minerals by flotation. 


ee? eee pnioved{ in ore dressing; it is merely believed that it will prove 


Ears be highly appreciated. 


se 
\ 


reating different types of ores. Table 1 shows that in the lead-— 
g cycle of selective flotation plants the lead-zine selectivity index © 


to be a useful adjunct to our present criteria. Comments and criticism — 
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Geena Regeneration or srMicane as eDeatier L 
Compania Beneficiadora de Pachuca, M 


2) 
By C. W. Lawre,* Pacuuca, Hatao, Mexico — 
(San Francisco Meeting, October, 1929) — 


mechanical loss of cyanide me the tailings filter has been oun eatile le. ¥ 
Prior to the year 1923, the pulp, after agitation, was given a 35 to 37-min. a 
wash with barren solution in a Butters-type leaf filter; the discharged ce 
slime cake was repulped and pumped into eight Merrill self-sluicing slime 
; presses in which the slime was given a further wash with barren solution aM 
for 25 to 35 min., followed by a 10-min. water wash. aA 
At that time the barren solution titrated around 0.350 per cent. ies Hl 
KCN and 0.500 per cent. total KCN. (Aero brand cyanide is used. es 
It can readily be seen that a 10-min. water wash would leave considerable — 
cyanide in the filter cake, which of course was a totalloss. This aveRieoae 
0.522 kg. (1.15 lb.) KCN per ton of solution. As the daily discharge to 
the dam was 1600 tons! of slime of a 2:1 ratio of liquid to solid, the value 
of this mechanical loss of cyanide was an important item and its recovery 

held alluring possibilities. 


PRINCIPLE OF CYANIDE-RECOVERY PROCESS 


As it had acquired the patent rights to the Layng (H. R.) and Halvor- 
sen (A. L.) processes, also those of Mills (L. D.) and Crowe (T. B.) after 
considerable experimental work in its own laboratory and at Tonopah, — 
Nev., The Merrill Company of San Francisco early in 1923 notified the _ 
Mexican Corporation and Compania de Santa Gertrudis of its process 
for the recovery of cyanide from weak wash solutions, or for the trans- 
ference of cyanide from a foul mill solution to a clean alkaline solution. 
This method is known as the Mills-Crowe process, the principle of which 
is as follows: 

The solution from which the cyanide is to be removed is made acid by 
bringing it into contact with sulfur dioxide (SO2). The acidified solution 
is then transferred to a closed tank in which air and solution are brought 
into intimate contact. The air leaving the tank charged with HCN is 
then passed to another tank in which it is mixed with an alkaline solution, 

* Metallurgist, Cia. Beneficiadora de Pachuea (subsidiary of Santa Gertrudis Co. ). 

1 Metric ton of 2204 lb. used in this paper. 
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Pe the latter absorbing the HCN and leaving the accompanying air clean 
_ for reuse in removing more HCN from the acidified solution. 


The extent to which the acidified solution will become impoverished of 


f its cyanide will depend upon the acidity, the amount of air brought into 


contact with the solution, and the quantity of residual HCN left in the | 


air after the latter has passed the absorbing apparatus. (The system is 


closed so that the same air is used over and over again.) 

Of course the amount of air required will depend on how efficiently 
it is utilized, but where the other conditions are equal it may be stated 
that the amount of cyanide removed from a given volume of solution 
increases with an increase of air, and further, an increase of air will do 
more good, or a decrease will cause poorer results than almost any other 
change that could be made in the plant. (By increase of air is meant an 


- increase in the velocity of that being circulated.) 


The impoverished acid solution may be wasted or used as a water 
wash on the filters, either before or after filtering, depending on whether 
the solution contains sufficient silver or copper to pay for its removal. 
If the spent solution does not contain any silver, but much copper, it is 
doubtful if it could be used as a filter wash before filtering, because the 
slimy nature of the precipitate would adversely affect the filter leaching 
rate. However, this is one of the problems that still has to be worked out. 


First Attempts AT CyANIDE RECOVERY 


As the recoverable cyanide losses were mainly mechanical and as the 
plant had plenty of filtering capacity, it appeared logical to wash with 
barren solution at the Butters filter only, discharge the washed cake to the 
Merrill filters and there wash with water only. This wash-water period 
would be equivalent to that for the previous combined periods of barren 
solution and water wash, if this should be found necessary. Of the wash- 
water effluent from the Merrill filters the first portion would be returned 
as make-up solution to the cyanide-plant circuit, while the remainder 
would go as solution feed to the cyanide-recovery plant. Any silver 
and gold precipitated out in the recovery plant would be recovered by 
filtration in a Butters clarifier, the precipitate returning to the agitators 
or thickeners (the entire amount of precipitate so produced is now 
removed by settlement and filtration and shipped to the smelter, none 
being returned to the cyanide circuit), and the clarified acid solution 
going to the Merrill filters as water wash. 

With this possibility in view, an experimental recovery unit was 
installed, consisting of a vertical pipe 9 ft. high and 12 in. dia. to serve 
as an acidifier; 12 large steel oil drums connected in series, six as dispersers 
and six as absorbers; a blower, and a sulfur burner. 

Although important data were obtained from this unit, many mechan- 
ical and chemical troubles were encountered. Of the former correct 


ihe Bi recovery nod of -thek copia in pea re 
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trouble then started in the form of liming up of the tower and i its 
lines due to the high lime content of the solution being treated. . 
prevented the carrying out of a continuous test. However, as there’ a 
no such difficulties ericountered in the experimental plant at Fresnillo, 
S. B. McCluskey, metallurgist there, determined that a 96 per ce at. =. 
extraction of the total KCN might be expected with a consumption of 1 au bimy 

kg. (2.9 Ib.) of sulfur per ton of solution treated, when using 15 cu. ft. oe a 
air per minute per ton of solution per 24 hr. Barren mill solution titrating — re) 

0.230 per cent. free KCN and 0.260 per cent. total KCN, and 0.048 per — ie 


cent. CaO as protective alkalinity was being treated. . bie 


Filter Tests for Economical Washing Period 


As the experimental work at Fresnillo was so successful, the data — 
obtained there were used at Pachuca as a basis upon which to designa 
plant capable of treating the required amount of solution from the eas 
Gertrudis mill daily. 

As our scheme required the treatment of a filter-wash effluent it — 
was necessary to make a series of plant-scale tests on the Merrill filters in 
order to determine the most economical washing period, the amount of 
wash effluent that could be returned to the cyanide circuit, and the 
amount of solution that it would be necessary to treat in the recovery 
plant, with its‘average cyanide, lime and silver contents. , 

These tests were made by M.S. Booth, assistant mill superintendent. — 
He found that the total wash water required to give the most economical | 
extraction of the cyanide (at the time the tests were made) would be 22 
tons for each 15.tons of dry ore in the filter press. The first 8 tons of the 
22 tons would be returned to the cyanide circuit as make-up solution and 
the remaining 14 tons would go to the recovery plant for treatment. 

The average analysis of the recovery-plant feed, as indicated by his 
tests, would be 0.079 per cent. free KCN; 0.103 per cent. total KCN; 
0.057 per cent. CaO as protective alkalinity, and a methyl-orange 
titration giving an equivalent of 0.073 per cent. CaO; and a silver 
content of 1.8 g. per ton. 

The amount of solution to be treated was 0.93 ton per ton of ore, 
and the entire amount of wash was equivalent to 3 tons per ton of caking 
effluent left in the filter cake as moisture after caking. Other pertinent 
data were also determined. 
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ERECTION OF LARGE-SCALE CYANIDE-RECOVERY PLANT 


Enough information was now available to design a cyanide-recovery 
plant capable of treating a minimum of 1400 tons and a maximum of 2000 
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tons of solution in 24 hr. This was done; the equipment was ordered 


_ from the United States in July, 1924, and at the end of March, 1925, it 
‘started operating on an 1800-ton basis. The nomenclature used in the - 
cyanide-recovery plant is as follows: ; 


Nomenclature Used 


Acidifier—The acidifier, as the name implies, is a tank, tower, or 
other receptacle in which the solution to be treated is first acidified by 
means of SOs. 


Fic. 1—CyYANIDE-RECOVERY PLANT OF ComPpaANIA BENEFICIADORA DE PAcuuca. 


Disperser.—The disperser, or de-cyaniding tank, is a tall closed tank 
in which the cyanide in the form of HCN is removed by means of cir- 
culating air through the acidified solution coming from the acidifier. 

Absorber.—The absorber is a closed tank similar in every respect to 
the disperser, as used by us, (but it may be of radically differing types), in 
which the HCN gas driven off from the disperser is absorbed in an alkaline 
solution. The absorbing solution may be any alkaline solution such as 
the ordinary mill cyanide solution, milk of lime, or sodium carbonate 
solution. The only requirement is that it should contain sufficient alkali 
to fix the cyanogen and still contain a generous amount to prevent 
dispersion in the absorbers. The quantity of absorbing solution neces- 
sary will depend on its alkali content and the efficiency with which it is 
brought into contact with the HCN. 


x enough free SO, and has been sufficiently dispersed, tl the ¢ 


to remove the precipitate from the acid solution. For this p 


stituents neutralized by some acid. Furthermore, in order to obtain 


saving. If neha seliew rien om sities 


when present, will precipitate completely. It will then onl 


converted a 35-ft. Dorr thickener into a filter tank containing | 
5 by 11-ft. Butters type leaves. This filter is known as the recor 
plant clarifier. , 


DESCRIPTION OF PLANT 


Fig. 1 is a view and Fig. 2 shows the general arrangement and flow < 
sheet of the cyanide-recovery plant. As stated elsewhere, the process _ 
consists of acidification as the first stage; followed by dispersion or the 
driving off of the HCN from the acidified solution, and the subsequent — 
absorption of the HCN in an alkaline mill solution; with the possible — . 
removal of precipitated silver or copper or both, either by settlement | 
or filtration. . R 


Acidification 


Before the cyanogen can be efficiently removed in the form of HCN 
from the solution to be treated, the latter must have its alkaline con- 


the desired results without too great an expenditure for air, and too many 
dispersions, it has been our experience that a certain amount of acid 
must be present during dispersion. The acid must be either in the free 
state or in the form of bisulfites which will break down during the disper- 
sion to form normal sulfites with the liberation of free SO. This is, of 
course, assuming that acidification is accomplished by means of SOx. 

The alkaline compounds that have to be neutralized are the alkaline 
cyanide itself, sodium hydrate, calcium hydrate, and possibly some cal- 
cium carbonate in suspension. The chlorides will also take up sulfur, 
but as its equivalent in hydrochloric acid will be liberated, chlorides do 
not actually destroy or consume sulfur. 

Any mineral acid might be used for acidifying the solution preparatory 
to dispersion, but only sulfuric acid and sulfur dioxide gas have been 


‘employed, mainly on account of their cheapness. The former has been 


entirely displaced by the latter. 

Solutions may be acidified by bubbling SO. through them; by passing 
the gas and solution countercurrent through a tower filled with packing 
or wooden grids; by spraying the solution into the gas through spray 


nozzles or other devices; or by bringing together the gas and solution 
in gas scrubbers. 
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. Feed to acidifiers. 


. Disperser No. 1, 8 by 23 ft. ive 


. Disperser No. 2, 8 by 23 ft. 
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To Wet Vacuum Purn 
or Centrifu 
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SS Se eS FLOW LEGEND 
Fr —-— Filter Wash Solution Feed to Acidifiers 
vg Acidifier Discharge tlowing through Dispersers 
2 —--— Absorbing Solution Feed Lines 
IS — Absorber Solution Discharge Lines 


7o Absorber No.3 
- Sens 


Parra ae 


70 Disperser No.3 not shown in elevation 
Elevation of Original Unit 


Fig. 2.—GENERAL ARRANGEMENT OF CYANIDE-RECOVERY PLANT. 
11. Absorber No. 2, 8 by 23 ft. 


Acidifier feed pump, 5 hp. 12. 5-in. centrifugal pump, 10 hp. 
. Acidifier feed pump, 10 hp. 13. Disperser No. 3, 6 by 6 by 24 ft. 
14.. Absorber No. 3, 6 by 6. by 24 ft. 


Acidifier, 6. ft; by 30 ft. 6.5 in. 
Duplicate of 4. -_ 
Sulfur burner, 30 in. by 8 ft. 


15. Sump for treated solution. 

16. 4-in. centrifugal pump, 15 hp. 
Treated solution filter. 

18. Fan, 12,000 cu. ft. per minute. 


5-in. centrifugal pump, 5 hp. 
Fan, 22,000 cu. ft. per minute. 


Absorber No. 1, 8 by 23 ft. 19. 
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- slats or grids, staggered, were supported at 15-in. intervals on pe iro’ 


snuenend similar Vnohied in ihe new aoe tw ) 1 t 

of No. 10 gage steel were erected to act as ehieo Either i 
“cut out” at will while the other continued to operate. These t: ers, 
like the absorbers and dispersers, have conical bottoms. From a point 

4 ft. above the bottoms to 5 ft. from the top, a height of say 22 ft., wooden 
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Their purpose was to bring about intimate gas-solution contact. * =i 

The gas from the sulfur burner enters the side near the bottom ee ¢ a 
each acidifier, while the solution entering at the top and center ofeach was 
more or less evenly distributed over the top grids by means of a launder — 
type distributor; it trickled down over the grids and discharged at the xq 
bottom and front. From the acidifiers the acidified solution passed — 
through a 40-in. weir, acting also as a seal, and on to the first of two 
dispersers, entering the top of the latter by gravity flow. 

The acidifying towers were so piped up that solution and gas could 
pass through either tower alone, through both towers in parallel, or the 
solution could pass through both towers in series, whereas the gas could 
go through one only or through both in parallel. Later, additional — 
gas connections were made so that the SOs, as well as the solution, could 
pass through both towers in series, and countercurrent. 


Liming Troubles 


Although no trouble from deposition of lime was encountered in the 
experimental unit at Fresnillo, this did arise in the large recovery plant, 
and a visit was made there to observe the process on a large scale. It 
appeared that it might be possible, where duplicate acid towers were 
available, to redissolve the deposited lime in one by circulating through 
it the nad solution discharge from the other. This was tried when the 
new plant started work at Santa Gertrudis, but a 24-hr. accumulation of 
lime in one acidifier could not be dissolved out by circulating through 
it for 24 hr. the acid solution from the other acidifier. The grids became 
heavily loaded with a deposit containing 39.0 per cent. CaO and 38.9 
per cent. SO, and prevented the normal flow of gas and solution. Other 
methods were tried to keep the grids clear, but eventually they were 
discarded in favor of an inverted truncated cone at the top of the acidifier 
with a distributing overflow well suspended above it. This device had 
supplanted the grids at Fresnillo, but at Santa Gertrudis its efficacy was 
not all that was desired. Again, other devices were tried. 

Meanwhile the lime precipitated out as a dense, hard, bonelike 
material in the circulating pump and solution pipes, and had to be dug 
out. Additional gas connections were made so that the SOs, as well as the 
solution to be acidified, could be passed through both acidifiers in series, 
the weaker SO. coming into contact with the feed solution as the atte 


> 


~ Se ee ee ee ye ee 


c. W. LAWR 495 


FoR 1° “ff 
PIPE 


ie ae ee PCa ee CT ke ee) ee a a 


mn 
es 
520" 04am. _t% 

B19) 


12 Moos # # 
3" 6 RODS EQUALY SPACED 


To REINFORCE THE 
CONCRETE, 


CONCRETE 


i 


Ww— 4 


ti] B'S PIPE AciD SOLUTION 
__— BISCHARGE To 


Pie OVS PERSER Ne 2. 
= : 
= 
td 
-1 
N 


Fic. 3.—DETAILS OF ACIDIFIER. 
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entered the ‘first acid ee 
stack losses of sulfur and HCN, but 
circulating pump to such an extent that th 
be abandoned. ; 

Finally, it was decided to 67 spray nozzles (Shutte. bes Ko 
type) from the top and bottom of the acidifier. Briefly, four 
nozzles were arranged on the same plane near the bottom of the 
and impinged against a 12-in. pipe suspended from the top cone. 
pressure developed by two pumps in series was 29 Ib. per sq. in. at the © 
nozzles. The use of nozzles has been entirely satisfactory ; lime continues — 
to be deposited and can not be prevented, but it is on the sides of the 
towers. As now operated, each acidifier is independent and is cut out x 
and cleaned after a 15 or 20-day run. The solution pipes also require _ 
cleaning, but only once in 2 or 3 months. In acidifying 85 tons of solu- _ 
tion per hour, the actual quantity of lime left in an acidifier in 24 hr. is 
436 kg: (959 Ib.) of CaSO; with 35 per cent. moisture. a 

Although the interior of the acidifiers was painted with hot Bain: = 
some pitting and scaling and eventually holes were discovered near the 
bottom. A 6-in. concrete lining was then put in to a height of 9 ft. and . 
has stopped further corrosion. Fig. 3 shows details of an acidifier. . 


Sulfur Burner 


The sulfur burner used for the production of SO, is a rotary machine 
30 in. dia. and 8 ft. long made by the Glen Falls Machine Works, Glen 
Falls, N. Y. 

This machine is a revolving cylinder containing a molten bath B , 
sulfur into which sulfur is continuously fed from a small hopper by means 
of a screw feeder operated by sprockets connected to the mechanism ~ 
revolving the burner. The whole machine is operated by a 1-hp. motor, 
belt-connected to reduce the original speed. 

The burner originally made 1 r.p.m. but as The Merrill Co. advised a 
lower speed a reduction was made to 1 r.p.8m.; later the speed was still 
further reduced to 1 r.p.6m. 

The burner discharges its gas into a small cast-iron combustion 
chamber through a cylindrical connection containing four portholes with 
sliding dampers. This connection is bolted to the combustion chamber 
and in order to connect the burner to the chamber the discharge of the 
former carries a movable ring, called a sleeve damper, which can be 
opened to leave a space of 2 in. between the two, or it can be closed 
completely. This damper is always left slightly open for the double 
purpose of admitting air to the combustion chamber and permitting the 
accumulation of ash in the burner to discharge automatically. At our 
plant the ash must be raked out about once a month, when the accumula- 
tion begins to interfere with the proper operation of the burner. 
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4 tai ts the first few months of operation the apricuation of the 
_ burner, in order to obtain proper acidulation without an undue consump- 
_ tion of sulfur, gave us much trouble, mainly the dampers, but probably 


due to our ignorance of its operation and to the fact that the feed to the 
acidifiers varied over a wide margin in its cyanide content. Any varia- 


tion of consequence in solution-feed titrations caused a variation in the 


acidity of the solution being dispersed, and this change in acidity started 
us regulating the dampers again. 

At this time Haun, at Fresnillo, suggested that sulfur consumption 
could possibly be roth’ by covering the cylindrical portion of the burner 
with asbestos. 

At the time the plant was laid out, the burner was placed just below 
and between the two acidifiers because it was thought that the burner 
operator should be at all times near the acidifiers; also because the nearer 
the burner to the acidifiers the shorter and simpler the pipe connections 
between the two. - . 

After operations were begun, it appeared that it was theoretically 


_ poor practice to take excessively hot gas for absorption purposes; at 


least it is directly contrary to the law of the solubility of gases. For this 
reason it appeared that an asbestos cover would tend to make the gas 
leaving the burner still hotter so that the absorption of the SO; in the 
acidifiers would be less, consequently the stack losses would be greater. 
However, as it was claimed at Fresnillo that by covering the burner the 
sulfur consumption was reduced, this was done at Santa Gertrudis. 
The operation of the burner did improve and the sulfur consumption 
dropped somewhat. Later, the asbestos cover was left off and, probably 
through growing familiarity with the burner, it is working fairly well, 
although an improved type might be designed. 

One reason for the burner troubles at first was that we were carrying 
a much higher acidity than necessary. It has been discovered since that 
the higher the acidity the more difficult it is to regulate the burner 
properly, and the greater the sulfur consumption, even when taking the 
additional acidity into consideration. , 

For satisfactory operation of the burner the principal requisites are 
(1) a constant volume of solution feed to the acidifiers containing as 
nearly a uniform cyanide and lime content as possible; (2) a positive and 
unchanging volume of air being drawn through the burner; and (3) as 
little manipulation of the dampers as feasible. The lower the cyanide 
and lime in the solution being acidified, especially the latter, the lower 
the acidity that can be carried and the easier the burner will be to operate 
and regulate. 

Proper Acidity and Color of Solutions 


What the proper acidity of the acidifier discharge should be will 
be governed by the dispersion; in other words, a proper balance between 
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assistance 6 Hee proper oe of the acid 
placed near the last disperser discharge so that the 
at all times see the final spent solution and | can, 9 


test it frequently. — 


enough free SO», will be ae in ae If this she nae 
rule, the acidity to methyl orange has been lost and the silver or co 
both are still in solution. If the burner operator is near by he will notic : 
this at once and can then regulate the burner to bring back the acidity a 
without loss of time. 

When the flow of solution is first started through the acidifier, the 
solution discharging from the last disperser may be white, even when the | 4 
solution’ is alkaline. This will be due to lime in suspension and can = 
be easily distinguished, after a little practice, from the white color of a 
properly acidified solution. 


Sulfur Consumption 


Next to the total percentage dispersion obtained, the cau of sulfur — 
consumption is the one given most attention; in fact, at the beginning 
of operations one is liable to place too great a stress upon the importance 
of saving sulfur, whose cost is the largest item (57 per cent.) in the 
operating expense. 

The whole question of sulfur consumption is this: Willan increase in _ 
the sulfur consumed produce a sufficient increase in cyanide dispersed to 
show a profit over and above the cost of the extra sulfur? As mentioned 
elsewhere, an economic balance between the sulfur burned and the 
cyanide dispersed must be arrived at for any given dispersion and 
absorption capacity. 

Whether the sulfur actually consumed is too high may be determined 
by comparing the quantity burned with the theoretical amount required 
for a solution containing the same amount of protective alkalinity as CaO, 
cyanide as KCN, and the acidity carried. The theoretical quantities 
are derived from the following equations: 


2KCN + H,SO; = K.SO; + 2HCN [1] 

or, 130,226 parts of KCN equals 32.06 parts of sulfur, 
whence, 1 part of KCN equals 0.246 part of sulfur 
and CaO + H.SO;3 = CaSO; + H.O : [2] 
or, 56.07 parts of CaO equals 32.06 parts of sulfur, 
whence, 1 part of lime (CaO) equals 0.57 part of sulfur. 

The percentage of acidity is reported in terms of CaO and is the 
acidity to phenolphthalein. This represents either bisulfites, free SOs, or 
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both. This acidity figure represents the amount of CaO that would be 


i / 


_ required to neutralize the acidity, and is not, therefore, the acidity itself. 
_To convert the percentage acidity to kilos of sulfur per ton of solution the 


: acidity is first converted into kilos of CaO per ton of solution, then multi- 
_ plied by the factor 0.57, as obtained from equation 2. For example: 


given a solution with the following composition, 0.09475 per cent. total 
KCN, 0.0694 per cent. CaO as protective alkalinity, and 0.085 per cent. 
acidity to phenol, the theoretical amount of sulfur called for would be: 


0.09475 per cent. KCN = 0.9475 kg. KCN per metric ton 
0.9475 kg. KCN X 0.246 = 0.233 kg. of sulfur 


0.0694 per cent. CaO = 0.694 kg. Cad per metric ton 
0.694 kg. CaO X 0.57 = 0.395 kg. of sulfur 


0.085 per cent. acidity = 0.85 kg. CaO per metric ton 
0.85 kg. CaO X 0.57 = 0.484 kg. of sulfur 


0.233 + 0.395 + 0.484 = 1.112 total kg. of sulfur required. 


Therefore, 1.112 kg. of sulfur per ton of solution acidified, of the above 
analysis, is the theoretical amount of sulfur required to neutralize the 


alkalinity and to produce the acidity of 0.085 per cent. lime equivalent. 


The acidity taken for the calculation must be that of the acidifier 
discharge, because a variable portion, depending on the initial acidity and 
the quantity of air circulating through the dispersers and absorbers, is 
driven off in the former. 

With a solution of the cyanide and lime contents‘ given, the only 
legitimate saving of sulfur that could be made would be that equivalent to 
the acidity. With a constant air and solution flow through the dispersers 
the acidity could be reduced and sulfur saved, but possibly only at the 
expense of reduced dispersion. 

Taking the solution given, if the tonnage acidified and dispersed were 
reduced sufficiently it would be possible to decrease the acidity so that the 
consumption of sulfur to produce it would be almost zero, or say, 0.650 kg. 
total sulfur consumption in the place of 1.112 kg. On the other hand, if 
the tonnage of solution dispersed were not lowered, but, instead, the 
circulating air was greatly increased and possibly the disperser grids 
given a closer spacing, the same reduction in acidity could doubtless be 
obtained with its equivalent saving in sulfur. 

The actual consumption of sulfur will, therefore, depend mostly on 
the lime alkalinity in the solution to be acidified and on the acidity that it 
will be found necessary to maintain in order to make the most econom- 
ical extraction. 
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Stack Ties al oH H CN and 


but as these ate ites last for minutes eave ih total me is 
cant. The stack loss of HCN is always greater than that of the su 
The HCN lost is determined by passing 50 1. of the stack gas thro 
a 1 per cent. solution of caustic soda contained in four absorption bot 
The total sulfur lost up the stack is considered to be unabsorbed § 5 
and is determined by passing 50 1. of the stack gases through N/10 i iodi ' 
and titrating the unconsumed iodine with N/10 thiosulfate. aa 

The stack losses of sulfur are not disturbing us as much at present 
as formerly because it has been found that they are such a small part on al 
the total sulfur consumed. Table 1 gives the results of a number of 
determinations made to indicate the losses of HCN and sulfur up the 
stack when operating under different conditions. As the consumption 


TABLE ibd ag ts Stack Losses of HCN and S 


cong Absa | HRS Sk, abt or Naren Setaproppeat 
36 812 85 47 13 | 
36 812 93 57 11 
36 830 85 58 24 | 
18 by 24 pipe 549 Gh end 33 9 
18 by 24 pipe 950 So ae. 44 10 
18 by 24 pipe 549 78 16 oom 
18 by 16 pipe 662 85 10 3 
12 by 16 pipe 662 85 a 3 
12 by 16 pipe 603 85 8 3 
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of sulfur is slightly more than 1 kg. per ton of solution acidified, 87 kg. is 
added to the burner hopper per hour. 


Dispersion 


In the dispersing operation the cyanogen gas (HCN) that was formed 
in the acidifier, and which remains in the acid solution going to the dis- 
persers, is removed. This gas is dissolved in the solution and although 
it can be removed with comparative ease, it is sufficiently fixed in the 


’ acidified solution so that upon passage through a weir box open to the 


_ atmosphere, and 6 ft. long, no loss of HCN can be detected by means of 


Zz the silver nitrate titration of the solution as it enters and leaves the weir. 


_ However, there is a slight loss as at times an odor of HCN can be 
_ easily detected. 


As the cyanide in the acid solution going to the dispersers, or decyanid- 


_ ing tanks, is in the form of a gas dissolved in a solution, it could be 
_removed by heating the solution to boiling, when the HCN would leave 


q _ together with water vapor. If the acid solution in the dispersers were 


subjected to a high vacuum either at normal temperatures or upon heat- 
ing, the HCN would be removed in the same way that air and dissolved 
oxygen are removed from a pregnant solution,in Crowe vacuum tanks 
(Halvorsen process). 

Up to the present time the only practicable means of removing the 
HCN from the acidified solution has been the application of vacuum, as 
used in the Halvorsen process, and blowing air, as applied in the Mills- 
Crowe system. In the latter process, which is the one used both here 
and at Fresnillo, a large volume of rapidly moving air is brought into 
contact with the acidified solution spread over a great amount of surface. 
This surface exposure is here obtained by filling the dispersers with 


wooden grid work. Bubbling air through a body of the acidified solution, 


as is done in laboratory testing, was tried first, but this method was 
not satisfactory. 

Solution surface exposure may be obtained by the utilization of grids, 
spray nozzles, or mechanical spraying devices, but whatever method is 
used the aim is to obtain the most intimate contact possible between 
solution and gas, with the minimum resistance to air flow, smallest 
expenditure for power, and the least outlay for upkeep. 

With our high-lime solutions a considerable amount of a hard bone- 
like deposit of calcium sulfite precipitates out on the grids, especially in 
the first disperser; a certain amount of muck also collects in the side 
launders of the solution distributor used to spread the solution more or 
less evenly over the top grid set. For these reasons, even were it known 
that spray nozzles similar to those in the acidifiers would break up the 
solution to a greater extent than grids, it is doubtful if they would be 
used. The possibility of obstructions putting all or part of them out 
of commission would be too great. Besides, the plant site permits of 
running the acidifier discharge to No. 1 disperser by gravity, which not 
only saves from 10 to 15 hp. daily, but obviates daily shutdowns due to 
liming up of any pump that might be used to spray the acid solution 
into the disperser. 

Distribution of Solution 


In all cases where grids or similar types of tank filling are used, 
the first essential is that the solution entering should be as evenly and 
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certainty unless all of the top grids receive their proportion of the 
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Fic. 4.—DrEraits oF DISTRIBUTING LAUNDERS FOR DISPERSERS 1 AND 2. 


Where there is a considerable distance between the distributor and 
the top grid set, or between the individual sets, it is more than likely 
that the air rushing through will swirl the falling solution about and 
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2 thus make up for the inefficiency of the distributor itself. However this 
may be, with excellent solution distribution at the top, poor work that 


may develop can not be blamed on the distribution. 
_ Fig. 4 shows the design of the distributors as used in our dispersers 
and absorbers, except in absorber No. 3. As can be seen, the distributor 
is composed of a central launder of wood to which are bolted on both 
sides equally spaced V-shaped launders of }4¢-in. sheet steel. The side 
launders have notches cut in their upper edges through which the solution 
overflows. The solution enters through the side of the disperser and 
discharges from above into the central portion of the center launder, then 
flows out through and overflows from the side launders. 

Considerable difficulty was encountered when the plant first started, 


in getting the solution to flow uniformly from the central launder into 


all the side launders. On account of feeding the solution into the middle 
of the central launder, most of it ran to the ends and then out those side 


_ launders, leaving the central portion of the tank with very little distri- 


bution. Baffling in the central launder was tried but was unsatisfactory. 
Finally an auxiliary launder was set on top of the central one. It hasa 
slot in its bottom for the full length and extended to within an inch or 
two of the bottom of the lower central launder. This has given 
complete satisfaction. 

The 8-in. pipe that carries the solution from the acidifier weir to No. 1 
disperser has been cleaned once since the plant started. The distributor 


_launders are cleaned during the regular monthly shutdown. 


Air-solution Contact 


Dispersion is increased with an increase in the solution surface exposed 
to a given volume of air, therefore care must be exercised to obtain the 
best air-solution contact. At Santa Gertrudis, circular angle iron was 
riveted to the inside shell of the tank at 15-in. intervals. On these were 
laid wooden grids, 16 sets of 1 by 6-in. pieces 2 in. apart in disperser 
No. 1 and 24 sets of 1 by 4-in. pieces 1-14 in. apart in disperser No. 2. 
They were nailed together in groups to facilitate installation and removal 
for cleaning, and their sides were parallel to the flow of air. Liming of the 
grids has given more or less trouble and they have to be cleaned when 
the lime on them increases the resistance to the air flow. In this plant 
the dispersers and absorbers are in closed circuit. The latter have nine 
sets of grids. With the present installation, when the fan is in good order, 
the best volume of air obtainable is 23,000 cu. ft. per min. against a 
static pressure of 4.8 in. of water. 

The rate of dispersion increases with an increase in acidity and 
temperature of the solution being dispersed, up to an optimum, of course, 
where the air volume is constant. It was found during a period of cold 
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nights (40° to 45° F.) that detente was. lower » ; 
when it was warmer. But as heating was img as 1 
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attempted. As higher temperatures give better dispersion but caus 
increase in deposition of lime, a study was made of the possibilitic 
neutralization of the acidifier feed and removal of precipitated calciu 
sulfite before dispersion. The conclusions arrived at are as follows: — (9, Seay 

From a construction viewpoint, a preliminary neutralization of the 
solution to be dispersed would necessitate a more expensive installation — x 
(two neutralizers and one acidifier in place of two acidifiers as at present ; no Bee : 
one, and possibly two, covered Dorr thickeners with Dorreo pumps; sone 
small Hardinge roller spray absorber with fan; and one small Roots | 
blower). From an operating standpoint the eeuisval of the limeas CaSO; _ 
before acidification should increase dispersion and would allow of a more q 
complete precipitation of the copper and silver, where present; it would 
permit of heating the solution where this was found advisable; and it _ 
would eliminate all labor now required to remove lime deposits from the . 
acidifiers, pipe lines, and disperser grids, besides making a possible 2 
saving in sulfur consumption. 


Air Required for Dispersion 


The amount of air available depends primarily on the type and size 
of fan or blower used. However, the actual amount of air flowing, as 
determined by Pitot-tube readings, will depend on the condition (lime 
accumulation) of the fan or blower; the speed at which it may be safely 
and economically operated to produce the greatest volume; and the 
resistance of the towers and air ducts of the system. This resistance in 
turn varies with the type, number, arrangement and spacing of the 
grids; amount of solution dispersed, tonnage of absorbing solution and 
size and form of the connecting air ducts. 

As the fan suction is connected to the top of an absorber, a certain 
amount of absorbing solution is constantly being carried over as spray into 
the fan, where it gradually builds up a deposit of lime (CaCO;) upon the 
blades. The greater this deposit, the less air is delivered, beside the 
danger of unbalancing and wrecking the fan, especially when the latter 
is running at its maximum speed. * 

Experimental work done at Fresnillo indicated that 15 cu. ft. of air per 
min. per ton of solution treated per 24 hr. would give the maximum 
economical extraction on the solutions worked with there. Although this 
figure may be decreased with a decrease in the lime and cyanide contents 
of the solution to be treated, also with an increase in the acidity up to a 
certain point, yet it would appear from our work at Santa Gertrudis that 
this quantity should be taken as a minimum rather than as a maximum 
for the amount of air to give the best dispersion results. 
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We Although to some extent an increase in acidity will accomplish the 


* same result as more air, we have found that the plant as a whole operates 
more smoothly and gives a higher extraction when using the maximum 


' amount of air obtainable. Under such conditions a low acidity to 


phenolphthalein can be carried and yet have the last disperser discharge 


s acid to methyl orange. The relation between air and acidity of the solu- 


tion being dispersed is an important one and will depend entirely on the 


g : former because that will usually be a more or less fixed quantity. Table 
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2 gives an idea of the effects of acidity on dispersion. The acidity given 
is that detérmined by titrating with caustic, using phenolphthalein as an 
indicator, and represents the total acidity due to the bisulfites, plus that 
of the free SO2._ This acidity, while important, is not so much so as the 
acidity to methyl orange, the latter representing the acidity due to free 


SO. only. In order to get the greatest amount of dispersion it is neces- 


sary that the last disperser discharge should contain free SOs, especially 
where the solution contains silver and copper. Table 3 illustrates the 
importance of free SO, in the final disperser discharge. 


TaBLE 2.—EHffect of Acidity on Dispersion 


Acidifier Feed bse teh 1 Be ele 2 Disperser No. 3 Tails 
Solution | 
Acidified, j ; Ry 
MHowr | KON, | Gao | oN, | THRE | EN. | PAGS | MEN, | TET | Ait, 
Cent. Cent Cent. Cent. | Cent. Gon! Cent. Gent Cent. 
| | | 
83.9 0.100 | 0.070 | 0.0600) 40.0 | 0.0190} 81.0 | 0.008 | 92.0 | 0.052 
83.9 0.100 | 0.067 | 0.0500; 50.0 | 0.0140} 86.0 | 0.005 | 95.0 | 0.084 
83.9 0.095 | 0.070 | 0.0500) 47.3 | 0.0160; 83.1 | 0.007 | 92.6 | 0.057 
83.9 0.093 | 0.067 | 0.0500) 47.38 | 0.0150) 84.2 | 0.006 | 93.6 | 0.065 
83.9 0.100 | 0.073 0.0500 50.0 | 0.0155) 84.5 0.007 | 93.0 | 0.062 
83.9 0.100 | 0.073 | 0.0500) 50.0 | 0.0135) 86.5 | 0.0055) 94.5 | 0.074 
86.9 0.095 | 0.064 | 0.0525) 44.7 | 0.0210) 77.8 | 0.008 | 91.5 | 0.047 
86.9 0.095 | 0.062 | 0.0500} 47.3 | 0.0145) 84.7 | 0.005 | 94.7 | 0.060 
86.9 0.100 | 0.070 | 0.0575) 42.5 | 0.0225) 77.5 | 0.009 | 91.0 | 0.0638 
86.9 .| 0.100 | 0.073 | 0.0550) 45.0 | 0.0170) 83.0 | 0.007 | 93.0 | 0.068 
86.9 0.100 | 0.073 ! 0.0500) 50.0 | 0.0155} 84.5 | 0.006 | 94.0 | 0.074 


* Unless otherwise stated, the CaO in the acidifier feed is the lime alkalinity to 
phenolphthalein; whereas the acidity is the titration with caustic using phenol- 
phthalein indicator. This acidity is reported in terms of CaO; that is, the CaO 
as reported is the amount that would be required to neutralize the acidity. 


It will be observed that in all cases the total dispersion increases with 
an increase in the total acidity of the discharge from No. 3 disperser. 
Although as a generality it may be said that an increase in the total 
acidity will increase the total dispersion, nevertheless it has been noted 
many times that where the total acidity is high the methyl-orange 


titration may be low, and the Maree also low. From 

come to the conclusion that the total acidity is of less import 
the methyl-orange acidity, or the presence of free SO, in preferen 
bisulfites. If this is so, the total acidity may be very low and still a 
dispersion may be obtained, provided that the methyl-orange acid 
sufficiently high. In support of this assumption Table 3 is given. = 

Although this table appears to prove that the total dispersion inetedses 
with an increase in the methyl-orange acidity, there are enough exceptions © : 
so that the proof is not absolute. However, the differencesinthemethyl- _ 

orange acidities that cause the exceptions are so small that they meee 
~ easily be due to errors in titrations. 5 

Although a good dispersion can be obtained with a low total acidity — 
and a high methyl-orange acidity, this condition can not be obtained in _ 
the presence of high lime, except by means of increased air per given 
volume of solution passing through the dispersers. Air, therefore, and — 
plenty of it, seems to be the whole question of dispersion (bisulfites plus 
air = normal sulfites plus SO2). 

The following average figures, the result of hourly sae taken 
during an ordinary day shift of 9 hr., show how much SO, is driven off 
in the dispersers and absorbed in tha absorbers; they also indicate the 
saving in sulfur that is possible with sufficient increase in air: Average 
acidity of the acidifier discharge, 0.085 per cent.; disperser No. 1 dis- 
charge, 0.074 per cent., disperser No. 2 discharge, 0.067 per cent., and 
‘ disperser No. 3 discharge, 0.059 per cent., a total loss of acidity in the 
dispersers of 0.026 per cent. This is equivalent to 0.26 kg. of CaO, or 
0.148 kg. of sulfur per ton of solution dispersed. In other words, not 
only were 148 g. of sulfur lost for each ton of solution dispersed, but there 
were also consumed 260 g. of CaO per ton of solution dispersed by the 
absorbing solution in neutralizing this lost sulfur. 

Under normal operating conditions, the discharge from the acidifier 
never contains free SO», the acidity to phenolphthalein must, therefore, be 
due to bisulfites alone. (Normal sulfites have no acid reaction.) 

When air is passed through a solution of bisulfites the latter are 
broken down into normal sulfites with the liberation of free SO.. This 
being so, it is evident that if sufficient air were available it would be 
possible to take an acidifier discharge titrating, say, 0.085 per cent. acidity 
to phenolphthalein (bisulfite acidity), with no acidity to methyl orange 
(free SO»), and convert the total acidity completely into acidity due to 
free SO», through the breaking-down process. If this were done, how- 
ever, the greater part of the liberated SO. would be driven over into the 
absorbers along with HCN, thus destroying excessive quantities of lime 
in the absorbing solution. 

As the average acidity of the acidifier discharge is 0.085 per cent. to 
phenolphthalein and the No. 3 disperser discharge is 0.059 per cent., a 


Pa tic TABLE 3.—Effect of Free SO. in the Final Disperser Discharge 
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Swi 5 Aeicatie Fenar |e tenemes Ko: 1,| Disperser No. 2 | Disperser No. 3 Tails 

| ) tion i 
or tvs | ks ise ___ | Acidities, Per Cent. 
Sete RON, | C0, | KON. | pe | KCN. | pee | KCN, | bee ee 

a Bove : sea Aion es sion, Per sion, Per sion, 

28 f fi ent. Per Cent. Per Cent. Per Phenol- | Methyl 
| Cent. | Cent. Cent. phthalein| Orange 
83.0] 0.090 | 0.081 | 0.050 | 44.4 | 0.020 | 77.7) 0.008 | 91.1 | 0.053 | 0.008 
-83.9| 0.090 | 0.084 | 0.045 | 50.0 | 0.015 | 83.3! 0.006 | 93.3 0.061 | 0.014 
83.9} 0.095 | 0.084 | 0.050 | 47.3 | 0.020 | 78.9! 0.009 | 90.5 | 0.055 | 0.008 
“84.9 0.095 0.081 | 0.0475 50.0 | 0.0115; 87.8) 0.0055) 94.2 | 0.070 | 0.016 
84.9] 0.085 | 0.087 | 0.0475 44.1 | 0.015 | 82.3/| 0.0065) 92.3 | 0.067 | 0.014 
84.9} 0.085 | 0.084 | 0.0375 55.8 | 0.011 | 87.0} 0.0045 94.7 | 0.069 | 0.018 
~ 78.8] 0.095 | 0.084 | 0.0475 50.0 | 0.012 | 87.3} 0.005 | 94.7 | 0.075 | 0.014 
; 78.8 | 0.095 | 0.084 | 0.0500, 47.3 | 0.013 | 86.3) 0.006 | 98.6 | 0.050 | 0.010 
79.5| 0.110 | 0.084 | 0.0625) 43.1 | 0.0215) 80.4| 0.009 | 91.8 | 0.076 | 0.014 
79.5| 0.110 | 0.087 | 0.0525 52.2 | 0.0145) 86.8] 0.0055 95.0 | 0.089 | 0.018 


considerable saving in sulfur could be made if the air volume passing 
through the dispersers could be increased sufficiently to permit a 
reduction in the acidity of the acidifier discharge from 0.085 to 0.059 
per cent. or even less. 

Although it is not actually true, the experience so far gained during 
the past year of operation of the recovery plant would indicate that 
if enough air were available, this additional air in combination with a 
sufficient number of grids properly arranged would enable us to maintain 
the present extraction when treating 1900 to 2000 tons of solution per 


Taste 4.—Sirength of Solutions at Various Points 


Acidifier feed: 
GOIN pete COMUe tte EI Skuta e onic hisses ois ale dieheld vad siddelel a 6 0.09475 
CaO as protective alkalinity, per cent..................-. 0.0694 
Acidifier discharge: 
NCTM VEU FLOR. Olesc DET COLDS Gc a:0,ts5.<udi"n ol <icite cvoiel'ew signe 61a gavage 0.085 
No. 1 disperser tails: 
Acidity to phenol., per cent.............. POPRON Es cde aN 0.0743 
PNGGIN a cipeCribe TNE. cise ic). a4) > Btlasisbs ¢ OetAs ty Msi so 0.051 
No. 2 disperser tails: 
NcicibygtOmDNenOl, per CeMbar y..0.1 sss: yialtiels tape Sua oe > 0.067 
NPM OLIC OMG cA atate years oiehpels ienoioye) 2gcioy Male Seep wie aie Pie 2 is 0.0149 
No. 3 disperser tails: 
Aeidity ‘to, phenel., percent... 06. ino. ee. 0.089 
ADDY per COM eeioe As Peels $ hee ioe as Sleremiels Sls Siem ow lela! os 0.0063 
Acidity to methyl orange, per cent... 2... 002. crews eee ee 0.016 


day, with an acidifier discharge running from 0.03 to 0.04 per cent. total 
acidity (phenolphthalein titration). Although such a low acidity would 
not produce any saving in absorbing solution lime, especially if it were all 


ees to free SO., 1 
~ 256 to 313 g. per ton of nee | 
based upon 2000 tons of solution treated per 24 

The average of 10 titrations to show the strength o 
different points in the plant, with particular reference to | 
acidity, are given in Table 4. 


Absorption 


through a tower containing checkerwork, grids, or other material offeri 
great surface area and a multitude of voids; or by breaking up the absor 
ing solution in the presence of the gas to be absorbed by means of spra; 

nozzles in vertical towers, or by means of mechanical sprayers such as 
revolving cylinders, brushes, or disks in horizontal spray chambers. 
The latter may be constructed exactly like the vertical tower but pieced 
horizontally. Our absorbers are 8 ft. dia. and 21 ft. high. Each contains oe 
nine sets of 4-in. grids placed vertically with the slats spaced 114 inches. 

Both methods have their good and bad points. Whichsystemshould _ 
be used will depend to a great extent on the conditions encountered in the 
individual cyanide plant and the cost of power. Where a large volume 
of absorbing solution is available for passage by gravity through a vertical 
tower, grids would appear to be the logical choice; with the possible 
addition of one or two small fine sprays in the air ducts leading from the 
dispersers to the absorbers. These sprays would not only greatly increase 
the absorption but they would also protect the steel duct, if steel were 
used, from the corrosive effects of the acid spray which is always carried 
over in varying quantities from the dispersers to the absorbers. 

Proper distribution of the solution over the absorbers is as important 
as in the dispersers already described. 

Tower packing, of the type commonly used in the different chemical 
industries in absorption apparatus, could not be used to advantage, 
according to our experience, because of the excessive resistance to the 
air flow and to the gradual liming-up of the packing, especially in the — 
lower section. 

Where a large gravity flow of absorbing solution (4.5 to 5.0 tons or 
more per ton of solution dispersed) is at hand entailing no extra pumping, 
wooden grids or checkerwork should be used. These grids have to be 
removed from the tank every two or three months for cleaning; the 
frequency of this depends on the cleanness of the absorbing solution and 
the acidity of the solution being dispersed. The grids, therefore, should 
be built and installed in such a way as to be placed easily and quickly 
in the absorber or removed therefrom. 


. 
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a \Phe dpaccs: between the ae should iis as small and the grids as 
} close together as possible, commensurate with the volume of air and 
_ solution available, and the freedom of the latter from chips, sticks, slime, 


B ete. Our grid spacing—that is, the spaces between the indinidGal 


7 slats making up the grid sets—is 114 in. in all towers, but closer spacing 
@ would improve both dispersion and absorption, er erat that a greater 


volume of air could be obtained, or rather provided that the same volume 


of air as at present could be maintained with the closer grid spacing. 


: Where the tonnage of absorbing solution is small, or where conditions 
_ are such that it would be necessary to pump all of the absorbing solution 
required, the best form of absorption apparatus would probably be the 


_ horizontal spray chamber containing revolving cylinders or brushes — 
- operating at 900 to 1000 r.p.m. In this type of machine the absorbing | 


solution enters one end, is picked up and sprayed again and again by the 


f 


high-speed cylinders, and then leaves at the opposite end. 

The advantages of such an absorber would be the intimate contact 
between absorbing solution and gas; small resistance to gas flow; a 
minimum amount of absorbing solution required, and freedom from trou- 


ble caused from lime deposits. Although lime would be formed there 
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would be no grids to take out, clean and replace and as the absorber is 
nothing more than a long wooden box with plenty of manholes, the 
cleaning operation would be simple. 


Notwithstanding the fact that such an absorber would require the — 


minimum amount of absorbing solution, sufficient alkali in the form of 
lime would have to be present to fix the dispersed HCN and to neutralize 
the excess SO. driven over from the disperser. Also, enough excess 

- alkali should be present so that there would be no tendency for the 
cyanide in the absorbing solution itself to disperse. If the amount of 
lime for this purpose could not be increased by augmenting the absorbing 
solution flow, milk-of-lime would have to be added to the absorber 
solution feed. 


Spray nozzles could be used in the absorbers when it is necessary to, 


pump all of the absorbing solution; but nozzles are likely to be plugged 
with debris; the spray might not be fine enough; and they require more 
power than cylinders. 


Completeness of Absorption 


As to the completeness of absorption, the average in absorber No. 1 
is 66 per cent. and in No. 2, it is 73 per cent. 

As the absorbers, dispersers and fan are in closed circuit one might 
think that the absorption, whether good or bad, would make little differ- 
ence because all of the HCN dispersed would have to travel around the 
circuit until it was absorbed. However, the completeness of the absorp- 
tion and the constant load of HCN in the air being circulated has abig 
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falls off taal westawter eiacnioge is s poor. Labor as 
firmed this. Dispersion and absorption are so interre at 
difficult to discuss one without the other. 
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} Utilization of Treated Solution, Recovery of Silver ft Copper hua: 3%. 


If a filter-wash effluent is to be treated in the recovery plant this a 
solution will always contain a varying amount of silver—in the case of 3) 
silver ores—that will be thrown out as a white slimy precipitate of AgCNS a 
in the presence of soluble sulfocyanates. (Although this precipitate : 
mixed with CuCNS, in our case, appears slimy upon first formation, — 

after 4 to 6 hr. standing it assumes a granular character but still con- — 
tinues to settle very slowly. However, it will settle in 24 hr., producing é 
a clear supernatant solution.) 

Where the silver in the wash-water effluent is considerable and che" 
tonnage of solution treated is large, it may be found more economical or | 
more advantageous to recover the precipitated values by filtration rather _ 
than by settlement; that is, of course, if the amount of silver and copper 
or either warrants the cost of such an installation. 

Copper will also precipitate out as a sulfocyanate provided thane are 
enough soluble sulfocyanates in the solution treated to combine with both 
the silver and copper; otherwise the latter would, no doubt, precipitate 
as Cuo(CN)s. : 

At Santa Gertrudis, so far the precipitation of the gold has been — 
negligible, varying from zero to 1.2 parts per 10,000 parts of silver accord- 

. ing to precipitate assays. When assaying large volumes of solutions by ~ 
the evaporation method the recovery-plant treatment appears to precipi- 
tate no gold whatever. Even excessive dispersion in the laboratory on 
the acidifier discharge failed to show any precipitation of the gold. 

Where a barren plant solution is treated, as at Fresnillo, of course no 
silver recovery would have to be arranged for. However, in some 
_cases where the mill solutions are exceptionally high in copper it may be 
considered advisable either to settle or filter the treated solution in order 
to remove that element as much as possible from the circuit. 

If the solution to be treated carries enough copper to remove, the 
problem of handling the precipitate is a troublesome one, which, fortu- 
nately, we have not had to tackle. Nevertheless, the combined precipi- 
tates. of silver and copper that are continually being returned to the 
milling circuit are gradually building up the copper content of-the mill 
solution to the point where it will be necessary to consider shipment of 
the more or less dried precipitate to the smelter; at least: for a time or 
until the mill solutions have been cleaned up. (Note: All such precipi- 
tate is now being removed by settlement and filtration, air-dried in 
patios, sealed in cyanide drums, and shipped to the smelter.) 
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_ As two Dorr thickeners were available, one was used for storage of 


solution feed for the acidifiers and the other was converted into a Butters 


filter for removing the precipitated silver from the spent acid solution 


- from the last disperser. There are two compartments, each of which 


ia,’ 


holds 33 leaves 514 by 11 ft., with vacuum connections on both sides. 
Although no daily records have been kept, occasional calculations 


have shown that about 414 tons of dry precipitate is removed monthly 


by filtration, and for each ton of dry material so filtered there is approxi- 
mately 114 tons (dry weight) settled out in the filter tank. The latter 


‘was pumped into the slime circuit at infrequent intervals, about once 


every 60 days. One analysis of this settled product gave a trace of gold, 
11,325 g. of silver per ton (365 oz.), 50 per cent. insoluble, 13.8 per cent. 
copper, and 56 per cent. moisture. The moisture is fairly constant but 
the copper, silver and insoluble vary. . ' 


Precipitation of Silver, Copper and Gold 


The precipitation of the silver and copper may or may not be com- 
plete, depending on the volume of air coming into contact with a given 
volume of the properly acidified solution and the presence of sufficient 
free SO». For some time it was thought that the complete precipitation 
of these metals required a fairly thorough elimination of the cyanide as 
well; but this is not so. Laboratory tests indicate that the greatest 
factors necessary for silver and copper precipitation are a large volume 
of air per ton of solution (15 to 20 cu. ft. per ton per 24 hr.) and the 
presence of the necessary amount of SO». 

While operating with only two dispersers and two absorbers the silver 
precipitation was never complete, but since installing a third disperser 
with its own fan, we no longer have any difficulty in that respect. The 
silver precipitation is complete, but only about 90 per cent. of the copper 
is obtained. The complete precipitation of copper as the sulfocyanate 
appears to require a longer contact with air than does silver. 

The gold, so far, has not been precipitated with the silver and copper, 
or if so, in such small amounts only that at times solution assays are 
shown indicating a limited precipitation and at other times no precipita- 
tion whatever. 

Where the gold is high enough it might pay to precipitate both gold 
and silver with zine dust, treat the barren solution in the recovery plant, 
and waste the spent acid solution, when mill water is plentiful. The 
problem of recovering silver, copper and gold in the solution to be 
treated is one that will vary with conditions and must, therefore, be 
worked out for each individual mill. 


ane it will agathes: iB ae necessary aA use the 
as a final water wash on the filters because of ‘shor i 
water supply. ae ty 
Ss With most types-of filters, especially the ateers tt Moot , there 
; should be no difficulty, provided that the acid solution contains no. 
precipitate and very little precipitated copper. Any silver present w 
: of course, be lost; whereas the presence of much precipitated copper migh = 
: seriously cut down the leaching rate during the water-wash period. 1] h 1G 
suggested difficulty that might arise with some classes of filters seems to 
apply principally to the self-sluicing type in which the filter cake is dis. af = 
charged by small streams of wash water issuing at high velocity from — 
nozzles. Even with this type a means of using the recovery-plant spent Sa 
acid solution after clarification could be developed provided that certain — 
conditions were observed. 


Fans anv Pumps — 

Fig. 2 asa the general description of the recovery plant show that FH 
several fans and pumps are required, therefore a few details will be given: 

Acidifier Exhaust Fan——This fan is used to draw SO: through the 
acidifiers. It is a No. 4 Sturtevant ‘‘ Monogram,” belt-driven at 1448 
r.p.m. by a 2-hp. General Electric motor. It draws 500 cu. ft. of gas per 
min., but the volume depends on the liming up of the acidifier, the quan- 
tity of ash carried over from the sulfur burner and deposited in the gas 
main, and the quantity of solution being acidified; the last factor has the 
least effect on the fan. No appreciable difference in sulfur consumption 
has been observed whether the volume of gas through the acidifier is 
500 or 1000 cu. ft. per min. The suction in clean acidifiers ranges from 
1.50 in. of water at the bottom to 2.75 in. at the top, and in a limed-up 
acidifier, 0.90 in. at the bottom to 2.90 in. at the top. Between the two 
acidifiers are permanent manometers from which may be read the 
resistance of the towers at top and bottom. 

As to corrosion of the fan, at Fresnillo they had a cast-iron casing and 
sheet-iron impeller. The wet gas destroyed the latter in 36 hr., so at 
Santa Gertrudis the casing was made of cast bronze and the impeller of 
sheet copper. The first impeller ran 204 days, and after 125 days the 
second impeller was redipped in hot asphalt and put aside until the 
other one is worn out. 

Disperser and Absorber Fans.—These units consist of one No. 9 
Sturtevant ‘“multivane” fan driven at 830 r.p.m. by a 64-hp. motor and 
producing 19,000 to 23,000 cu. ft. of air per min.; and one No. 414 
Sirocco fan driven at 1080 r.p.m. by a 30-hp. motor and delivering 
10,000 to 12,000 cu. ft. per min. Each of these fans serves a unit. The 
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No. 9 fan serves two dispersers and two absorbers, whereas the No. 4 Wy 
fan is connected to one disperser and one absorber. 


Pumps.—The function and capacity of the pumps handling 2000 tons 


3 of solution a day may be tabulated as shown in Table 5. 


TaBLE 5.—Function and Capacity of Pumps 


Zz Function TYPE AND CAPACITY 
1. Lift (12 ft.) from storage tank and Two 5-in. Goulds closed-runner centrifu- 
forcing through nozzles in acidifiers. gals in series, driven by 5 and 10-hp. 

motors. 
2. Lift (18 ft.) from bottom of disperser One 5-in. Goulds centrifugal driven by 
No. 1 to top of disperser No. 2. 5-hp. motor. 

3. Lift (9 ft.) to bottom of disperser No.3 One 5-in. Goulds centrifugal driven at 
forcing through nozzles. 1750 r.p.m. by 10-hp. motor, develop- 


ing 16 lb. per sq. in. at nozzles. 
a Lift (55 ft. ) from treated solution sump One 4-in. Goulds centrifugal driven by 
to clarifier. 15-hp. motor. 


CONTROL AND TESTING 


As may be realized, careful control of this process and proper measur- 
ing, sampling, and rapid testing are essential. This is done hourly. 

1. Solutions were analyzed for total constituents and for KCN 
content by the regular methods. 

2. The solution discharge from the last disperser may be white, even 
when it is alkaline, when the flow is started through the acidifier. Lime 


- in suspension causes this whiteness but it can be easily distinguished from 


the milkiness of a properly acidified solution. 

3. Sulfur lost is determined by passing 50 1. of the stack gases through 
N/10 iodine and titrating the unconsumed iodine with N /10 thiosulfate. 

4. Hydrocyanic gas lost is determined by passing 50 1. of stack 
gas through a 1 per cent. solution of NaOH contained in four 
absorption bottles. 

5. Hourly samples of the last disperser discharge are titrated for total 
acidity with phenolphthalein and qualitatively with methyl orange for 
free SOs. 


6. The acidity of the disperser solutions is determined by titrating 


with NaOH, using phenolphthalein as an indicator. This represents the 
total acidity due to bisulfites, plus that of free SO... This acidity, 
although important, is not so much so as the acidity to methyl orange, 
which represents the acidity due to free SO: only. 

7. In order to get some idea of the comparative efficiency of the 
absorbers, the tops of both dispersers and absorbers were connected by 
1g-in. piping which was extended into the titrating room where, by means 
of a connection with a wet vacuum pump, samples of gas could be drawn 
from the top of any tank desired. With this arrangement it was hoped 
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that if gas could be drawn from the top of each tank in turn for the same a 
period, and completely absorbed in NaOH, the amounts so absorbed 4 
could be compared, thus indicating the comparative richness of the eae om 
circulating and the amount of absorption. 

8. In making laboratory dispersion tests to determine the effect of 7 
poor absorption upon the rate of dispersion the procedure is as follows: 
Two liters of the acidifier discharge were placed in a 214-1. acid bottle 
and in one case gas from the top of No. 2 absorber, and in the other pure © 
air was drawn through for 1 hr. by means of a connection to the clarifier 
wet vacuum pump. At the end of 5-min. intervals 50 c.c. was removed 
and: placed in an Erlenmeyer flask containing quicklime, while 10 c.c. 
additional was taken for an acidity determination with standard NaOH. 
The sample containing lime was well shaken, filtered and titrated for 
total KCN with standard AgNOs;, using KI indicator. At the end of 
1 hr. the final tail solution was titrated for total KCN both before and 
after filtering off the precipitated AgCNS and CuCNS§, 50 c.c. in each 
case being used for these determinations. The titration after filtration 
was much higher than before filtration. The low titration obtained on 
the solution before filtering off the sulfocyanates of copper and silver 
is due to the fact that these precipitates slowly redissolve when the solu- 
tion containing them is made alkaline. Upon going into solution, 
cyanide is taken up and becomes untitratable by the Liebig method. . 

9. As the acidifier solution feed was very low in gold content, assays 
were made in the usual manner by evaporating 15 1. of the solution tested. 

10. When treating any working solution, be it filter-wash effluent or 
barren, the actual amount of cyanide possible to recover, as a rule, will be — 
greater than that shown by the titration for total KCN. Where this 
occurs the difference is caused by the presence of silver and (or) copper 
tying up cyanide that becomes untitratable by the method used. 

As the solution being treated at Santa Gertrudis contains both metals, 
there may be a considerable difference between the amount of cyanide 
recoverable and the quantity indicated as present by the acidifier. feed 
titration, depending on the amounts of silver and copper in the feed. 
For example: the cyanide titrations (0.00062 per cent.) of the disperser 
tails after 80 min. dispersion is a great deal less than that (0.0035 per 
cent.) for the 2-hr. dispersion tails. The same amount of air and the 
same volumes of solutions were used in both groups of tests. The 
differences in the results are due to the fact that in the former all titrations 
but the last were made on solutions in which the copper and silver sul- 
focyanates were caused to redissolve by means of the addition of lime. 
While the titration for total KCN must be made in the presence of the 
redissolved copper and silver, in order to calculate the correct extraction 
on the acidifier feed, the precipitated sulfocyanates of these metals must 
be filtered off and the filtrate made alkaline before the total available 
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cyanide remaining in the disperser tails can be determined by the 
 Liebig titration. . 

An idea of the actual amount of cyanide in the acidifier feed compared 
to the quantity shown by the titration for total KCN is obtained by stat- 
ing that the average of 12 laboratory dispersion tests was 0.09092 per 
cent. KCN and 0.10588 per cent., respectively. (By actual cyanide is 
meant the total cyanide available for recovery in the recovery plant.) 

These tests were made in September, 1925, so they should show a smaller 
' difference between actual cyanide and titratable cyanide than similar 
: tests made a year later, due to the constant building up of the copper 
, in the cyanide-plant circuit. In an effort to prove this assumption, 
i tests made in July, 1926, gave 0.09810 per cent. KCN in the acidifier 
feed and 0.1166 per cent. total available KCN after absorption. 
The tests for these results were made by taking 500 c.c. of the feed to 
: the acidifier, adding a little Na,.SO; and KCNS, making acid with 30 to 
40 c.c. of normal H2SO,, and dispersing for 1 hr. 'The HCN driven off was 
absorbed in a 1 per cent. solution of KOH, of which 200 c.c. was in each 
of four absorption bottles. 

It has been found that the reason why the daily average KCN in the 
last disperser discharge, as indicated by the hourly titrations, is always 
higher than the composite sample of the same solutions for 12 hr., is 
that the sulfocyanates of copper and silver in the samples tested hourly 
did not have time to dissolve completely upon being made alkaline with 
lime. This gave high titrations. On the other hand, the hourly samples 
taken remained in contact with lime for 12 to 24 hr. before being titrated, 
so that the sulfocyanates had time to take up their full quota of cyanide, 
with resultant lower titrations. 


Costs AND PROFITS 


After our difficulties it is highly satisfying to be able to report a 
metallurgical and financial success. The preliminary estimate of cost was 
based on treating 2000 tons of solution a day containing 0.103 per cent. 
total KCN and 0.0726 per cent. CaO. The prices for chemicals f.o.b. 
plant were P 100 ($50) per ton for sulfur, P 40 ($20) per ton for lime 
(based on 100 per cent. CaO), and 50 evs. per kg. (11.4 ¢. per lb.) 
for cyanide. Power cost 25 cvs. (12 c.) per horsepower day. 

It was calculated that, with 25 per cent. additional as a factor of safety, 
0.834 kg. (1.8 lb.) of sulfur would be required to neutralize the alkalinity 
of the KCN and lime per ton of solution acidified. If the 25 per cent. 
extra sulfur should be driven off in the dispersers and absorbed in the 
absorbers, the equivalent amount of lime destroyed would be 0.292 kg. 
(0.64 lb.) of CaO per ton of solution dispersed. 

It was assumed that 90 per cent. of the total KCN in the solution 
fed to the recovery plant would be saved, or 0.927 kg. (2.04 lb.) per ton 
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- * Conversion from Mexican to American currency: 1 peso 
cents. 
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Two unforeseen expenses increased the costs somewhat: (1) additional | 
power for pumps and fans; (2) spent acid solution could not be used as a 
water wash on the filters; so the wasting of the recovery-plant tails has — 
necessitated pumping 2000 tons (328,340 U. 8. gal.) more water from the 
mine each day. 

The estimated recovery and actual recovery placed against the — 
estimated cost and actual cost as of a recent month were as follows, 
based on a saving of 0.927 kg. (2.04 Ib.) of KCN @ 50 evs. per kg. (11.4 


ce. per lb.): 7 
Estimate Actual 
Centavos Cents Centavos Cents 
Value of KCN recovered....... 46.35 23.17 48 .22 . 24.11 
Costas). bw hin hinds Sie eee 14.56 7.28 16.65 | 8.33 
Net profit? 7720-6 cee eee 31.79 15.89 31.57 15.78 


In other words, the total daily profit approximates P 500 ($250). 
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_ SUGGESTIONS FoR ERECTING AND OPERATING CYANIDE-RECOVERY PLANTS 


1. The acidifier discharge should flow by gravity rather than be : 


pumped to the top of the first disperser; in fact,-it would be better if this 


discharge flowed by gravity through all of the dispersers and then to the 
clarifying filter if one is used, by gravity. This system would eliminate 
all pumps excepting the clarifier vacuum or centrifugal pump Barend 


the acid solution drawn off through the filter leaves. 


2. Dipping parts or painting steel acidifiers, dispersers and absorbers 
in hot asphalt is better than any antacid paint. 

3. Acidifiers, dispersers and absorbers should be built of wood, square 
in section and with double walls with heavy tarred roofing paper between. 
These would cost less than steel or concrete and the upkeep would be 
much less. 

4. An economic balance between the sulfur burned and the cyanide 
dispersed must be determined for any given dispersion and absorption 
capacity. 

5. Exhaust-fan connections at the acidifiers and the stack into which 
the fan discharges should be of wood instead of wrought iron or steel. 
If acidifiers are of wood, the SO, entering them should first be cooled. 

6. Although elemental sulfur is the simplest source of SOz, it is expen- 
sive. A supply of gas sufficiently rich and constant can be obtained by 
roasting sulfide ores or concentrates. The circumstances might be 
such that sulfur.for the recovery plant would cost little if anything. At 
Fresnillo, the sulfur from roasting iron concentrates is supplying SO. 
to the plant. 

7. Under some conditions it might pay to conduct stack gases to a 
simple scrubber requiring no power and easy to clean. The scrubber 
could discharge into the storage tank feeding the acidifiers. 

8. Dispersion is adversely affected by low temperatures, as during 
cold nights and in cold climates. Therefore, if feasible, although it was 
not at Santa Gertrudis, it will be found profitable to heat the solution 
before dispersion. (This is done at the Tonopah Extension mill, Nevada, 
where the Halvorsen process is employed.) If the solution is charged 
with lime, heating may cause trouble by precipitating out, as mentioned 
in this paper. 

9. For the best dispersion results the last disperser discharge should 
always be distinctly acid to methyl orange. Hach unit should consist 
of one disperser, one absorber and one fan, preferably of wood and 
square in cross-section. 

10. Where a recovery plant is installed to treat barren mill solution it 
may be possible to operate without a filter for clarifying the spent acid 
solution; although under some conditions, even where silver is absent, 
such a filter would be necessary. When the solution contains much 
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copper it may be advantageous to filter it out: f 
then the clarified acid solution may be used direct as a water. 
made alkaline with lime and then used on the filters, or it di) i \ 
if plenty of fresh water is available. P 
11. In treating barren plant solutions for the panne of re 
fouling agents such as copper and zine; or for reducing the volume of mil 
solution so that a longer water wash can be given at the filters; or for ’ the 
recovery of copper, silver and gold from solutions derived from t ; 
treatment of gold-silver ores containing too much copper for ordinary 
cyanidation and too little to smelt profitably, the Areeens treatment - ; 
scheme might work out to advantage. ; 
a. If the copper minerals are oxidized and the copper Lannea is too | 
low to warrant a preliminary leach with H.SO, or H2SOs, treat the ore 
with cyanide to recover the maximum amount of silver and copper. — 
In the absence of gold, the silver could be precipitated with Na»S and 
the barren solution treated in a recovery plant and the spent acid solu- — 
tion filtered to remove the CuCNS then used in whole or in part as the 
sole and only filter wash, with the total wash effluent going back into 
the cyanide circuit. ; 
b. Where gold is present the pregnant solution should first be pre- — 
cipitated with zinc dust; the barren solution so produced treated in the 
recovery plant; the recovery-plant solution tails filtered in a Butters 
machine to remove the CuCN§, and the filtered solution run into a small 
agitator containing lime, then into a thickener whose overflow would be 
used as the only filter wash as in the case where gold is absent. In 
both of these cases, some water would have to be added as a filter wash in 
order to make up for the solution lost with the final tailing filter cake. 
c. The above scheme of treating silver-copper-gold ores by the cyanide 
process in combination with a recovery plant is entirely feasible from a 
metallurgical standpoint, at least, but whether a return will be made 
during the life of the mine, commensurate with the capital invested, is a 
problem that can be solved only by a study of the particular mine. 
d. For instance, where a low-grade copper-silver orebody is owned by a 
smelting company it would appear, when the orebody is not too distant 
from the smelter, that the treatment of such an ore by cyanidation fol- 
lowed by the treatment of either the pregnant or the barren solution by 
the cyanide-recovery process would offer the cheapest and most logical 
method of attack. The reason for this is the fact that the largest expense 
in the operation of the recovery plant is the item of sulfur for the produc- 
tion of SO2—a waste product of the smelter. Also, it might be advisable 
to give the ore a preliminary treatment with SO. for the purpose of 
extracting as much copper as possible before its contact with cyanide. 
This operation would also be free of cost in so far as the reagent itself 
is concerned. 
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e. Although all of the cyanide combined with the copper could be 


saved in the recovery plant, the higher the copper in the feed, the more 


cyanide is required in the cyanide-plant circuit. This would call for a 
larger recovery plant. A high cyanide in the cyanide-plant circuit would 
also require a longer filter wash in order to reduce mechanical filter losses 


- to a minimum. 


12. The actual operation of the plant requires the services of one man 
per shift. His time is spent feeding sulfur, taking samples and weir 
measurements hourly, noting and recording the amount of solution in the 
acidifier feed storage tank half-hourly, oiling pumps and fans, and 
looking after the plant in general. He also titrates the final disperser 
discharge hourly for acidity as a means of keeping the sulfur consumption 
within reason. 

A boy is also kept on day shift, to titrate the acidifier feed and all 
the disperser discharges hourly. He calculates the percentage disper- 
sions and posts the results for the burner operator. Although the titrat- 
ing boy is not a necessity, his hourly results keep the operator alert and 
are also of assistance to the night man in that the latter, by looking over 
the day’s results, can tell about what to expect in the way of recovery 
when running with a given acidity. 

The greatest item in labor cost is the necessity of removing the lime 
from the acidifiers twice a month and cleaning absorber grids each month. 
Every 4 to 6 months the grids in No. 1 disperser must be removed; those 
in No. 2 will probably not have to be taken out oftener than once in 12 
to 18 months. The sulfur burner and No. 9 fan are also cleaned monthly; 
also, the pumps are overhauled and, when necessary, are packed. 

As the whole plant is working at maximum, and as Nos. 1 and 2 
dispersers are operated as one unit, all jobs that would require a plant 
shutdown are postponed until the regular monthly stop of the cyanide 
plant. 

13. Continual correspondence and personal contact was maintained 
with the cyanide-recovery plant at Fresnillo. This was mutually 
beneficial, and it is suggested that when other metallurgists are operating 
similar plants they should keep in touch with one another. The principle 
of this fairly new process is relatively simple, but the final mechanism of 
the plant has yet to be worked out. 
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DISCUSSION 


R. R. Bryan, Pachuca, Hgo., Mexico (written discussion).—Cyanide regeneration 
or recovery? The terms are not synonymous. Regeneration implies a preceding 
degeneration; recovery implies a preceding loss. Cyanide degenerated would be 
lost, but all cyanide loss need not be through degeneration. 

Cyanide losses have been generally divided into chemical and mechanical. The 
chemical loss is that occasioned through the degeneration or conversion of cyanide to 
a useless form such as the formation of sulfocyanates, cyanates, ferrocyanides, etc. 
The mechanical loss is that occasioned through incomplete removal of the useful 
cyanide from the tailings. 

Regeneration is a term that can apply only to a recovery of the chemical loss. 
Recovery is a term that might apply to either chemical or mechanical loss. Since, 
however, regeneration confines itself to the chemical loss, it would seem expedient to 
understand recovery as only a recovery of the mephanieal loss. 

Mr. Lawr has described a cyanide recovery process which consists in a certain 
application of a cyanide transferal process to the problem of reducing the former 
mechanical loss. He improperly terms this transferal process the Mills-Crowe 
process. It is worthy of note that this transfer process described by Mr. Lawr may 
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_be applied in other manners to the problem of recovering the mechanical loss and 
= perhaps regenerating some of the chemical loss, especially where there has been serious 
- fouling of solution by copper. 


An example of another way to apply this cyanide transferal process is seen in the 
scheme employed at the Fresnillo unit of the Mexican Corpn. This company is 


_ controlled by the same interests that control the Cia Beneficiadora de Pachuca, whose 


operations Mr. Lawr has described. 

The Fresnillo mill treats all of the solution for barren eae to this cyanide 
transferal process, absorbing the transferred cyanide in mill solution. The washing 
on the filter is then performed with this impoverished barren solution instead of with 
the former barren solution of high cyanide content. The result is that cyanide values 
as well as precious-metal values are effectively removed from the filter cake, which is 
discharged with a very low mechanical loss of cyanide. 

It will be interesting to make some sort of comparison of these two distinct applica- 
tions of a cyanide transferal process. This comparison might better be made by those 
in closer touch with these operations, but I will attempt to give impressions gained 


- through having seen both and talked with the men operating them, and from a long 


study of the cyanide recovery and regeneration problems. 

Concerning the recovery of the mechanical loss of cyanide, either scheme is 
efficient and both can recover upward of 80 per cent. of the mechanical loss. In the 
operation of either scheme, the character of the mill solution is changed by lesser 
additions required of new cyanide, which reduces the amount and character of salts 
in solution. Where fresh cyanide is added in form of white cyanide, this effect is 
less than when surronide is used. Surronide contains about 50 per cent. sodium chlo- 


' ride. Reducing amount of surronide added to mill solutions decreases their content in 


sodium chloride and lessens their corrosive action. This change in salt content of 
solutions may greatly affect the settling and filtering rate of the pulp. 

In obtaining this effect the Fresnillo scheme goes further than the Santa Gertrudis 
scheme, in that it provides a certain amount of bleeding of mill solutions after trans- 
feral of their cyanide content. This bleeding tends to reduce salt concentrations. 
Not all the solution treated at Fresnillo is bled from circuit, as a considerable amount 
reenters through the filters. 

During the cyanidation of an ore a great many salts form in the mill solution from 
its contact with ore and from zine precipitations and these salts build up through 
cyclic use of the solutions. Their final concentration is determined by the amount of 
solution bled from the circuit. Generally this amount of solution bled from the 
circuit is held to a minimum to avoid undue loss of cyanide and consists only of the 
necessary loss of solution through the filter plant discharge. At some mills, the 
building up of detrimental salts has been such as to seriously interfere with operations 
and require a bleeding of plant solution. It is probable that most mills would receive 
considerable benefit through the cleansing effect of greater bleeding. 

It is apparent that the Santa Gertrudis scheme can claim no advantage for cleaning 
solutions through bleeding and that to a greater or less extent the Fresnillo scheme has 
the advantage of this feature. Since the Santa Gertrudis scheme provides for addi- 
tional filtering, it has the advantage of increased silver extraction, as described in Mr. 


‘Lawr’s paper. 


In a consideration of the economics of the two schemes, two parts should be 
mentioned: (1) capital costs and (2) operating costs. 

In point of capital cost the Fresnillo scheme is much to be preferred, as it requires 
for its operation only the creation of a cyanide transferal plant. In addition to this, 
the Santa Gertrudis scheme requires increased and usually costly filter equipment to 
obtain the prolonged water wash which is to form the solution from which cyanide is 
to be transferred. My impression is that cyanide transferal equipment will cost 


es i ae ie 


mest obtained. , 
should be treated per ‘ton ore milled. i 


because every unit of cyanide transferred represents a unit 
whereas in the Fresnillo scheme it is necessary to transfer t 
for each unit actually saved. The greatest operating cost 0: 


_ Fresnillo scheme has been overcome very cleverly at that plant by obtaining free 2 


‘also in the course of travel to the tailings site and during disposal thereon. This — 


In point of operating cost, the Santa Gecrintdaate h 


ferred aid amount of allcalinityle in solution ie be sieavkeaataat “This obj ‘to he 


through the roasting of a pyrite concentrate, an operation that is economical within 
itself. Other plants might not be so fortunately situated. ; 
The Real del Monte Co. at its Guerrero mill for a number of years has Cee 
still another variation in the application of this transferal scheme. The tailings f " 
the cyanide plant are conveyed several kilometers to the tailings site, where they 
carefully stacked and solution is recovered both through decantation and percolati on. ‘ 
A considerable quantity of silver is extracted from the tailings by percolation ané 


silver is recovered by precipitation in zinc boxes and the solution tails from these 
boxes are then subjected to the cyanide transferal process, with absorption of the 
cyanide in a milk of lime solution. The result is a concentrated solution carrying 
30 kg. of cyanide per ton solution. This concentrated solution is pumped back to — 
the mill circuit at Guerrero mill. Cyanide recovery schemes at this mill would have rf 
recovered much more cyanide than the scheme employed, but would have made ~ "7 
impossible the silver leaching and recovery at the tailings dam. . 
The Real del Monte plant, at its enlarged Loreto mill, has just completed the © 
largest and latest cyanide transferal plant in existence. This plant will eventually ; 
operate upon a scheme different from any mentioned heretofore, which is in part a 
modification of both the Santa Gertrudis and Fresnillo schemes. One-third of the 
solution treated will be plant barren solution and two-thirds will be obtained from an 
extra water wash in filters. As far as possible, after the cyanide has been transferred j 
all of the solution will be wasted, and every effort will be made to avoid reentrance of | 
this solution into the mill solutions. 
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Effect of Copper and Zinc in Cyanidation with Sulfide-acid 
Precipitation* 


By E. 8S. Leaver anp J. A. Wootr, t Rzno, Nev. 


‘(San Francisco Meeting, October, 1929) 


THE presence of soluble base metals in precious-metal ores usually 


precludes cyanidation as the best method of treatment. The laboratory 


experiments described in this paper show the possibility of cyanidation of 
gold-silver ores containing less than 0.5 per cent. of eyanide-soluble 
copper and the effect of zinc in the cyanide solution. 

Part I.—Coprer IN CYANIDATION 


The proposed process of cyanidation of precious-metal ores containing 


* copper is based on the regeneration of about 80 per cent. of the cyanide 


used in the dissolution of the copper. The method of regenerationinvolves 
a combination of the sulfide and the acid precipitation of the copper and 
silver. The resultant solution is made alkaline with lime, and the gold is 
precipitated with zinc dust. 


Solubility of Copper Minerals in Cyanide Solution 


In order to determine the solubility of copper minerals, including 
metallic copper, under the usual conditions for cyanidation, experiments 
were conducted with synthetic ores. Each ore sample was prepared by 
mixing the particular pure copper mineral with barren sea sand. Both 
the mineral and sand were ground to pass 100 mesh before they were 
thoroughly mixed. The percentage of copper in each head sample was 
determined by direct assay, excepting the metallic copper sample, which 
was computed on weights before mixing. Table 1 gives the results. 

Azurite, bornite, chalcocite, cuprite, malachite and finely divided 
metallic copper are readily and completely soluble under the usual 
conditions for cyanidation. Enargite and tetrahedrite are sufficiently 
soluble to cause an excessive loss of cyanide, and they also cause fouling 
of solutions with arsenic and antimony. Precious-metal ores containing 
small percentages of chalcopyrite or onygogons may give satisfactory 
returns with the usual cyanidation. 


* Published by permission of the Director, U. 8S. Bureau of Mines. 
+ Supervising Engineer, Rare and Precious Metals Experiment Station, U. S. 


Bureau of Mines. 
{ Assistant Metallurgist, Rare and Precious Metals Experiment Station, U. S. 


Bureau of Mines. 
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- from copper minerals are complex and vary with th 
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of the active cyanide molvent Tene is inated the mi utio 
dissolution of copper. Table 2 gives the ratio of cyanide u us 
copper dissolved from each mineral. bes : 

The ratio of cyanide used to copper dissolved varies re eack of the 
minerals given. It corresponds approximately to an average mole 


rity eee 
TaBLE 1,—Solubility of oe Minerals and M ae een in Cyanide sy 
Solution - la 


Ratio of solution to ore, 10:1. Strength of solution used, 2 Ib. NaCN, lime equivalent mee 
~ to 10 Ib. per ton of ore added to pulp in each ease. _ Treatment, 24 hr. at 45° oe a 


Assays, Percentage of : 7 : bi. 
Copper Extraction, « 
Mineral Percentage Remarks = 
of Copper ee 
Heads Tailing? ; 
HA ZAITIEG ct aaa ete teehee 0.254 None 100.0 ; 
Bornite scr corre = aa Aw, 0.264 Trace 99.0+ | Small amount soluble 
: sulfides in solution. 
Chalcocite.u:.0- > 4s. 0.244 None 100.0 
Chalcopyrite. .........-. a: 0.497 0.456 8.2 
(@lirysocoll aeaect a eee 0.254 0.214 Coad 
Cuprite: sc .v thie, te 0.234 None 100.0 
EBA TESTES ie adie shaoometea ts 0.213 0.053 75.1 Small amounts of sol- 
: uble sulfides and ar- 
senic in solution. y 
Malachite in. 2 tetenre 0.244 None 100.0 
Tetrahedrite........: 0... 0.1838 0.103 43.7 | Trace of antimony in : 
solution, X 
Metallic copper’.......... 0.267 None 100.0 


* Tailing assays checked by solution assays. 
» Air admitted during dissolving. : 


ratio of 3 to 1. The higher loss shown for enargite is in part due to dis- 
solution of arsenic. The loss for tetrahedrite is also higher than the 
average, due to dissolution of antimony. The low loss for cuprite and 
the lowest loss for metallic copper are probably explained by the reactions 
that do not include the formation of cyanates or the least amount of 
complex cyanide compounds. These results were obtained with pure 
minerals and clean solutions. With mill solutions and complex ores any 
factors tending to increase the amount of complex cyanide salts would 
correspondingly increase the loss of cyanide. 
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Ratio 2 Sijanide Used to Copa Dissolved from Vatotus 


Copper oo - 
Mineral 4 Ga een 

Wes His Cit aes Si eared eae ae won ate leg ses 10 eRe eae ee 2.28:1 

Git oR) Stuer A CREDE Ca aR CRE oRaeR  MEX EY MR er RE SAR PEE 

een gests Lateral ers 1, ce OR ene, AN nas conor kode esac eee 2.3831 
iSulsprrita Sere ase is OF eri ates he SARS. 2.44:1 
aha alm El Se art een oe Alot ee tate hy 2.253 
DRtEEet ees serena ss reer. Dea seR Tae Ui!) Bree Le Pees 2.01:1 
PEMIAEEULG MR etwe cAI CLTTEAEN SRtHNE, CP AIRLL ESE Tee: fone Deer faye 
MUSA CHIGCL a wclwmer crest ht Ak chef Ebest | eile sh tate ery Pde 2.4231 
“IDES TEES AV 215 Behe Gnd on 3 Cea Poe pe Re ep Samm cat 2.50:1 
(RES REE I See RNR ee a ata At See ENR A 1.84:1 


Effect of Copper in Cyanide Solutions on Gold and Silver Extraction 


Solutions containing different amounts of copper were prepared by 
dissolving malachite in sodium cyanide solution. This dissolution was 
carried on until only a little free cyanide remained, as indicated by 
titration with silver nitrate. Sodium cyanide salt was then added to 
the solution to increase the free cyanide content, after which the solutions 


were used to treat a gold-silver ore by agitation. Table 3 gives a com- 


parison of the extraction obtained by use of a clean solution with that 
obtained with solutions containing copper. 


TABLE 3.—Effect of Copper in Cyanide Solutions on Gold and Silver 
Extraction 


Heads assayed 10.29 oz. Ag and 0.56 oz. Au. Ratio of solution to ore, 3:1. 
Treatment 24 hr. at 45° C. 


Ue Nala Titra One a 
ounds per Ton ; ilin " 
; ; ; fppper Masa, Otheee Heirgction, 
Experi- Solu- per Ton : 
ment On Off tion, Remarks 
Number Per 
Cent 
aon CaO fee CaO Ag Au Ag Au 
1 4.25 | 0.20 3.55 | 1.30 | None | 0.77 | 0.030) 92.6 | 94.7 | Used a clean solu- 
‘tion containing no 
copper. 
eae] 4.10 | 0.70 3.10 | 2.10 | 0.101 | 0.88 | 0.025] 91.5 | 95.5 | Used sodium-copper 
: cyanide solution, 
containing free cy- 

* anide. 

3 4.40 | 1.20 3.60 | 1.80 | 0.218 | 0.87 | 0.025] 91.7 | 95.5 | Used sodium-copper 
cyanide solution 
containing free cy- 
anide 


Le 


: ae - ay 
The presence , of copper, in amounts up to 4b 
has no detrimental effect on the extraction of gold and ie 
shown. Additional eee 8 pn that Be hacia r 


_ free cvnnide equal to io quantity needed in Se pane ae As ok | 
maximum extraction. 
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‘Dissolving Efficacy of Sodium-copper Cyanide Solution “a 


Solutions were prepared by treating malachite with a sodium cyanide 
solution until no more copper would go into solution. Even at this 
point there invariably remained a small amount of free cyanide in the | 
- solution, as shown by titration with silver nitrate. These solutions _ 
containing varied amounts of sodium-copper cyanide were used in the “a 
treatment of a gold-silver ore known to yield good extraction with clean 
sodium cyanide solution. Table 4 gives the results of these experiments. 

The sodium-copper cyanide solution formed by the dissolution of — 
malachite in sodium cyanide is a weak solvent for the precious metals. 
The dissolving effect of this solution is roughly proportional to the time __ 
of contact. It is also noted that the pregnant copper cyanide solution __ 
generally shows a small amount of free cyanide, which indicates that the 
double cyanide is slightly dissociated. This dissociation closely follows 
the time of contact and the dissolution of the precious metals. Excess 
lime does not increase the extraction of precious metals but an excess of 
caustic soda greatly increases gold extraction, and to a lesser extent 
favorably affects silver extraction over a 24-hr. period. 


Removal of Copper from Solution, and Regeneration of Combined 
Cyanide 


Although the presence of copper in cyanide solution, in amounts 
not exceeding 4 or 5 lb. per ton, does not appear to affect adversely the 
extraction of gold and silver when sufficient free cyanide is present, 
it is necessary that the copper be removed to prevent excessive accumu- 
lation. Also from the cost standpoint, the cyanide combined with the 
copper must be released for re-use in dissolving precious metals. 

Zine will precipitate the copper almost completely after several hours 
agitation, provided there are 3 to 4 moles of free cyanide present for each 
mole of copper. The zine replaces the copper, thus forming the double 
sodium-zine cyanide, which in the presence of excess free alkali is a weak 
solvent for gold and silver. Experiments described in Part II of this 
paper show that the accumulation of zine in the solution from this pre- 
cipitation tends to lower the extraction of the precious metals, and that 
if maximum extraction is to be maintained either the zinc must be 
removed from the solution or some other method of precipitating the 
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copper must be employed. Magnesium dust was tried as a precipitant 
under varied conditions of time, temperature, alkalinity and acidity. 
The results were negative from the standpoint of plant application. 
In the following experiments the desired quantities of copper in the 
solution were obtained by treating malachite with sodium cyanide solu- 
tion containing free alkali in the form of lime at normalroom temperature. — 
The copper was then precipitated with sodium sulfide and sulfuric acid. 
The amount of cyanide regenerated was determined by titration with 
silver nitrate at various steps in the procedure. Table 5 shows 
_ what happened. 
3 Sodium sulfide is not a precipitant for copper from an alkaline cyanide 
solution; it is an effective precipitant if the solution is acidified. The 
hydrocyanic acid formed is very soluble at temperatures below 26° C., 
but some of it will readily escape from solutions in open containers, 
especially if the solution is subjected to agitation. It is necessary to 
make provision for retaining this gas until the precipitate has been 
removed and the solution made alkaline. This may be accomplished 
by the use of closed apparatus. Details of a proposed apparatus will 
be given in a Technical Paper now being prepared by the U.S. Bureau 
of Mines. 
The consumption of sodium sulfide is proportional to the amount 
of copper precipitated. In the foregoing experiments, where 98 per cent. 
‘or more of the copper was precipitated, the consumption of sodium sul- 
fide averaged about 0.7 lb. (calculated ona basis of 100 per cent. NaS) per 
pound of copper precipitated. The acid consumption depends on the 
strength of the original solution in both cyanide and lime. In the 
tests shown it varied from 4.5 to 6.5 lb. of sulfuric acid per pound of 
copper precipitated. 


Cyanide Loss as Cyanates 


Any cyanide combined to form cyanate during the dissolution of 
copper will not be regenerated as free cyanide by this method. Pure 
potassium cyanate (KCNO) was prepared in the laboratory. This 
was dissolved in water and the resultant solution treated with sodium 
sulfide and sulfuric acid as in the experiments described. No precipitate 
was formed and the solution contained no free cyanide as indicated by 
titration with silver nitrate. 


Dissolving Efficacy of Regenerated Solutions 


A fresh sodium cyanide solution titrating 4.9 lb. NaCN was prepared 
and: used to dissolve copper from malachite until saturated. The 
resultant solution was used in the treatment of an ore under the different 


conditions shown in Table 6. 


The sodium-copper opnine. souinont on 
copper. Heads assayed 10.89 oz. OE, ) 
3:1. Treatment, 


Solution Analyses 


G : On Off per Ton 
i Experi- 
stk 
umber a} 
Free as| ¢ Free Bie 
NaCN,| .c0 2) pu | NaCN,| se 
Pounds'O ge ae Pounds|G Sp Ag | Au 
per Ton of 3 * |per Ton Aus 
1 4.25 | 0.2 | None| 3.55 | 1.30) 0.80/0.030) 92.6) 94.7 eesdnel wee 
é 7 containing no copper. a 
2 4.10 | 0.7 | 0.101) 3.10 | 2.10) 0.93/0.025) 91.5) 95.5) Used the sodium-copper 


nide solution after additic 7. 
of more sodium cyanide. owe 
3 3.40 | 2.0 | 0.002) 2.40 | 2.50) 0.83/0.025) 92.3) 95. 5| Copper in the sodium-copr 
cyanide solution was [I 
cipitated by  sulfide- 
7 method, and the regen : 
ated solution used. (a . 


A comparison of the foregoing experiments shows that the regenerated — 
solution is as active as a fresh cyanide solution in the dissolution of the _ 
precious metals. : 

Several series of experiments were made with precious-metal ores — 
containing soluble copper, in which the dissolved metals were precipitated _ 
and the solution regenerated at the end of each cycle; the regenerated _ 
solution was used in the following cycle. Enough sodium cyanide salt 
was added to the barren solution each time to keep the solution strength 
about constant. Table 7 gives results from one set of these experiments, 
with an ore to which malachite had been added. 4 

An average of a little more than 80 per cent. of the total cyanide — 
used during the dissolving period was regenerated. The regeneration 
figures are based on solution titrations. These figures are substantiated 
by the fact that the amounts of cyanide added at the end of each cycle — 
were calculated and checked by titrations. The extractions are nearly 
constant through the entire series, showing that the regenerated solution 
retains its efficacy as a solvent for copper and precious metals. 


Application of Proposed Process to Ores That Give Unsatisfactory Recovery 


The application of the proposed process to ores that do not 
give satisfactory recovery by the usual methods is shown by the 
following examples: 

1. Oxidized siliceous gold-silver ore from the Buffalo Valley mine 
near Valmy, Nev., contains a small amount of copper. Most of the 
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534 EFFECT OF COPPER AND ZINC IN CYANIDATION 


copper occurs as chrysocolla which is not very soluble in cyanide solution 
(see Table 1). . 

Cyanidation is the present recovery method. “In mining an attempt 
is made to select the ores most free from copper, but often the cyanide 
loss caused by copper is excessive. 

2. The Tenabo Consolidated Mines Co., about 40 miles south of 
Beowawe, Nev., mines a siliceous ore containing pyrite and arsenopyrite. 
The copper occurs mostly as chrysocolla and malachite; gold is the prin- 
cipal constituent of value. The present milling, amalgamation and 
flotation does not give a high recovery of the gold. | 

3. The Douglas tailings resulted from the various treatment methods 
used on the original Comstock ore and present a difficult retreatment 


TABLE 8.—Experiments with Different Ores Using 


Toe acted 

itrations, yanide : = 

Head Assay Pounds |*Pounds NaCN pp bane 

NaCN per | per Ton Ore 8 
Ore Used, Treatment and Ratio of Cycle Ton 
Solution to Ore —_______—_——| Number 
Ag, |. Au, | Cu, Before | After | Pounds| a", 

Ounces | Ounces} Per On | Off | Regen-| Regen-|per Ton] of 
per Ton|per Ton} Cent. eration |eration| Ore | Total 


Buffalo Valley Mines Co., Valmy, Nev. 
Treatment, 24 hr. at 23° C. 


Ratio of solution to ore, 6:1. | 2 1.92 {1.10 | 4.92 
| Avg. of 
cycles 
land 2 /1.94 |1.00 | 5.58 | 1.20} 4.38 |78.6 
| 3 2.16]1.26 | 5.40 


3and4 | 2.14/1.26 | 5.28 | 1.26 | 4.02 | 76.2 
1.29 | 0.38 | 0.68} Avg. of 


four 
cycles |2.04 |1.13 | 5.43 | 1.23 | 4.20 | 77.4 
Tenabo Cons. Mines Co., Beowawe, Nev. 1 1.96 |1.04 | 5.52 
Treatment, 24 hr. at 23° C. 
Ratio of solution to ore, 6: 1. 2 }1.88 |1.02 | 5.16 
Avg. of 
cycles 


i“ 1.92 |1.03 | 5.34] 1.14] 4.20 | 78.6 


4 2.06 |1.22 5.04 
Avg. of 
cycles 
3 and 4 (2.08 /1.21 | 5.22 | 1.18 | 4.04 | 77.7 
Avg. four 


1.25 | 0.90 | 0.29) cycles (2.00 |1.12 | 5.28] 1.16] 4.12 | 78.2 


Douglas tailings, Dayton, Nev. | 
Treatment, 24 hr. at 45° C, | 
Ratio of solution to ore, 5:1. 


1to4 {1.97 |1.325} 3.28 | 0.73 | 2.50 | 77. 


| 6 2.00 1.20 | 4.00 
| Avg. of 
cycles 
5 and 6 -|2.35 |1.60 | 3.75 | 0.80 | 2.95 | 78.7 
Avg. of 
all 6 


2.78 | 0.055 |0.122) cycles |2.097/1.417| 3:40] 0.75 | 2.65] 778 


i 
i 


“from Virginia City: The present recovery method is flotation to oben 


>& concentrate, from which mercury is recovered by retorting; the residues 

2 are shipped to the smelter for the recovery of the gold, silver and copper. 
Table 8 details the results of experiments made on these ores with sodium 
sulfide and sulfuric acid as precipitants. 
The average percentage of cyanide regenerated in the treatment of 
these ores is approximately 78 per cent. 

_ low percentages of cyanide-soluble copper, the loss of cyanide due to 
_ copper bears a smaller ratio to the total cyanide loss than in ores contain- 


3 Sodium Sulfide and Sulfuric Acid as Precipitants 


In these ores, which contain 


Remarks 


Metals were not precipitated at end 
of this cycle. 

Precipitated Ag and Cu with NasS 
and HsSO4, then used zine dust 
to precipitate gold. 


Same as cycle 1. 
Same as cycle 2. 


Metals were not precipitated at end 
of this cycle. 

Precipitated Ag and Cu with NaoS 
and H2SOu, then used zine dust to 
precipitate gold. 


-9| Same as eycle 1. 


Same as cycle 2. 


Precipitation Reagents 
—| ited by Satine E 
ted by e- +7 xtraction, 
Pound per | acid Treatment, Tailing Assay Per Cent. 
Pounds per | Pound Cop-| Per Cent. 
Ton Ore | per Precipi- 
tated ° 
A ol ey? Pat Ag| Au/C 
NasS | HaSO4| NaxS| H.S0.| “® | A¥| Co raves oor Ton| Cent. {e | | 
0.79 | 0.040 | 0.548)/38.8)89.5/19.4 
0.83 | 0.035 0.578|35.7/90.8115.0 
2.10} 14.0 | 0.90) 6.0 |100.0/10.8/99.0) 0.81 | 0.037 | 0.563/37.3/90.1/17.2 
0.77 | 0.045 | .0.560/40.3/88.1/17.7 
0.78 | 0.040 | 0.584/39.5/89.5)14.1 
1.90} 13.0 | 0.90} 6.0 |100.0; 8.2/99.0) 0.77 | 0.043 0.572|39.9|88.8/15.9 
2.00 | 13.5 | 0.90) 6.0 |100.0} 9.5/99.0} 0.79 | 0.040 | 0.568|38.8/89.5/16.5 
0.28 | 0.070 | 0.176/77.6/92.0/39.3 
0.29 | 0.070 | 0.188)76.7/92.0/36.2 
1.9 | 14.0 | 0.90) 6.5 |100.0) 9.6/99.0} 0.29 | 0.070 | 0.182)77.2/92.0/37.2 
0.32 | 0.068 | 0.180|74.3)92. 537.9 
0.30 | 0.068 | 0.194|76.0\92.5/33.1 
1.9 | 13.4 | 0.90! 6.5 |100.0] 9.8/99.0} 0.31 | 0.068 | 0.187/75.2/92.5)35.5 
1.9 | 13.7 | 0.90! 6.5 |100.0; 9.7/99.0| 0.30 | 0.069 | 0.184/76.2/92.3/36.4 
; 0.35 | 0.0075) 0.070)87.4/86.4)42.6 
0.36 | 0.0080) 0.066)87.0/85.5/45.8 
0.36 | 0.0080} 0.060/87.0/85.5|50.8 
0.40 | 0.0090) 0.066/85.7/83.7/45.8 
1.05 | 9.0 | 0.93) 8.0 |100.0/10.5/97.3| 0.37 | 0.0081} 0.066 /86.8)/85.3/46.3 
0.35 | 0.0090} 0.061/87.4/83.7/50.0) 
0.40 | 0.0090} 0.058/85.7|83.7\52.5 
251) DES 120 9.2 |100.0) 9.6/98.0} 0.38 | 0.0090) 0.060/86.6)83.7/51.3 
1.12| 9.8 | 0.95] 8.4 |100.0/10.2/97.5| 0.37 | 0.0084! 0.064/86.7/84 8/48.0 


Metals were not precipitated at end 
of this cycle. 

Same as cycle 1. 

Same as cycle 1. 

Precipitated Ag and Cu with NasS 
and HeSO4, then used zine dust 
to precipitate gold. 


Same as cycle 1. 
| Same as cycle 4. 


ce oe 


s pbrexipifiate ie ase rua ae 
or fourth cycle is often enough. ‘The dissolve 1 met 
in solution but do not decrease the subsequent extractic on 0 
cious metals. ritthik Bae 
Complex ores that contain a fractional percentage oss copper n 
sarily show higher acid consumption per pound of copper precipiti 
because the ratio of lime and cyanide to copper in the solution is gr 
In these experiments the average loss of acid is approximately 7.0 Ib. 
pound of copper precipitated. The consumption of sodium sulfide 
proportional to the amount of metals to be precipitated. In these tests” 
it approximates 0.9 Ib. of sodium sulfide per pound of copper precipita 
The extraction of gold and silver remain nearly constant during tk a 
cyclic experiments for each ore. This shows that the regenerated — 
solution is as effective a solvent as fresh solution. 


aa 
Part II.—Zinc IN CYANIDATION “na 

All of the common zinc minerals are attacked under the usual con- _ 
ditions for cyanidation. Table 9 gives the percentage of zine dissolved 
from each mineral. %. 
Each head sample as given was prepared by mixing each pure zinc 
mineral with clean, barren sand, both previously crushed to 100 mesh. 


Taste 9.—Solubility of Zine Minerals in Cyanide Solution 


Strength of solution used, 3.95lb. NaCN. Ratio of solution to ore, 5:1. Treatment, 
24 hr. at 45° C. 


Assays, Per Cent. Zinc 


Extraction 
Mineral Per Cent. Zino 


Heads Tailings . 

Sphalerite;. ZnS... ca.a-4 ven eee eee 1.36 114 18.4 ee 
Willemite, ZnSiO4g.. vs. cee eee Hid, oe 1.22 1.06 13.1 aa 
Hydrozincite, 3Z2nCO;.2H20................% 1.36 0.87 35.1 
Calamine, ElaZn ois qcde. cate eee eee 1.19 1.03 13.4 

Ee Fe 
Franklinite, {| Zn }O. M ) Os. Geerhes Gene 1.19 0.95 20.2 

n/ 2 

Mn 
Aincite, ZnOk sane setae Gee ee eee 1,22 0.79 35.2 
Smithsonite, Zn CO sana eed en eee 1.22 0.73 40.2 


Solubility of Zine Dust in Cyanide Solution 


It is known that zine enters the mill cyanide solution in direct pro- 
portion to the metals which it precipitates. Additional zine also 


precious metals. Table 10 gives the rate of dissolution 
dust in a cyanide solution of the usual mill strength at normal — 


We fae 


room 1 temperature. 


t* Me 
ro 


- Tasre 10 Solubility of Zinc Dust in Cyanide Solution 


ne ean all through 150 mesh and 96 per cent. through 200 mesh. 1200 c.c. of 
solution (2.9 lb. NaCN) and 0.5 g. zine as zinc dust used in each experiment. 
Temperature during agitation, 23° C. 


m. Ls Es eriment re ir cae Period of Agita- se in Solution eee 
umber _| per Ton Solu- tion, Hours | ® Bey eee : 

tion Grams Per Cent. 

1 None | y% 0.0157 0.189 37.8 

2 None ¥ 0.0261 0.311 62.2 

3 None 1 0.0293 0, 35h 70.2 

4 None 2 0.0392 0.470 94.0 

5 None 8 0.0420 0.504 100.8 

ma) 5.0 iy 0.0120 0.144 28.8 
a 5.0 ¥ 0.0169 0.203 40.6] 

8. 5.0 i 0.0228 0.274 54.8 

9 5.0 2 0.0348 OAL ae 83.4 

10 5.0 8 0.0380 0.457 91.4 

Bet 5.0 16 0.0408 © 0.490 98.0 

Bare 2) 5.0 24 0.0420 0.504 100.8 


ee 


Zine dust is readily dissolved in cyanide solution. If there is an 
excess of zinc dust above that necessary to precipitate the dissolved 
metals, or if several hours are required for precipitation, as is the case if 
zinc dust is used to precipitate copper, an appreciable amount of zinc 
will be directly dissolved in the cyanide solution. The dissolution of the 
zine is increased by increasing the period of agitation. The rate of 
dissolution slightly decreases in the presence of excess lime. Other 
experiments using the same quantity of cyanide in stronger solution show 
about the same rate of dissolution. 


Zine Minerals Lower Extraction in Cyanidation of Precious-metal Ores 


The effect of each of three zinc minerals in cyanidation was determined 


by adding a weighed portion of the pure mineral to a precious-metal ore. 


which, in the absence of zinc, gave good extraction by cyanidation. 
Details covering these experiments are given in Table 11. 

The best extraction of precious metals is shown in the treatment of 
clean ore with fresh cyanide solution. The addition of cyanide-soluble 
zinc minerals lowers the extraction. The re-use of solutions gives 
erratic extractions corresponding with the zinc retained in the solutions. 
The amount of zinc in the pregnant solution coming from the ore gives a 
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sie a : rae 
n i direct Basshition of the zine ie used to - 


i 


ae 


0£20°0 0860" ‘oor ¢ 
pe leer | ¢ -_6280°009°1 ; 

| 48° |ec't | 09:0 | shor jos80'0 oser'olor'r) 99°F | 082 lor'T| 6°F | o9'z | 
z 

I 


OT TADSUS TES ie 


| 1678 ser GP’ OT |€TIT 0\€&20°0.09'T| 96°F | 00'S JOLT] 0&°¢ | 00°F 
Sv OT |€820°0) SUON |02°T} OFF | OLE |99°0| 92°F | 9L°F 


[eS a ee aa ener ———Soae 


THT |@2'T | 09°0 | $h°OT |0820°0/2£60°0/00°2| 99°€ | 08°% \06'0| S0'F | 09's | ¢ 
99° |@2°T | 09°0 | SF'Or &980'0,00°Z) G0°F | 06°% /0L'T| 0S'% | OO | F 

160°0 | 9F'T |22'T | 09°0 | SF °Or |Z980'0|z6zT'0,0L'T| 0S'F | 00’ |09°T| 06°F | go's | & ayouiz | ¢ 
0°0 | 29°E |2e'T | 09°0 | Shor |zcTt'0.2980'0,06'1| 06°F | 96° |o0"z| seg | 06'e | @ 
T 


98° |23°T | 09°0 | SF'OT |2980°0; 9UON [00°] OF'F | 06° |99°0| 92°F | 91°F 


em | | | | | 


62'T |82°T | 99°0 | 6h OT |$2L0'0,0960'0 09°T| OS's | OFZ |02°0| 00°F | 08's | ¢ 


g/00°T $90°0 


"98 |F'T | O9T"0 PHT |82'T | 99°0 | 6F'0T 27800 0L'T| 00°F | 09°C OTT) OF F | 09S) F 


S°18/98'T | S80°0 | GET [82 | 99°0 | 6h OT |ZF80°O/LETT'O OTT) OFF | 09°S |0L°0| S2°% | OF Z| & ayoulzoupAy | @ 


G@TLIOL'E | STZ°0 | 00'S |8Z'T | 99°0 | 6F'OT |9T0T'0/9420'0 09'0| G4°F | 09°% Jost] ofS | soe | Zz. 


$°18|28°0 | 060°0 | 18°I |sz°t | 99°0 | 6F-OT |9220°0, e4ON [0z"t!| 02°F | 09'S \99"0| 92°F | 92°F T 


$°06 9UON) S10°O | 66°0 |®UON| 29°0 | OS°OT | 9UON | PUON |04°T| 02°F | 02°F |99°0| 94°F | OL'F suON | T 


, “qU9—) UOT, Jed|uoy, Jed|yuap juoy, Jod|uoy, sod NO®N|NOeN 
Tn 
a [Pn aye | [ve | ave | MO | %O [O%Ol iw] ao) Ra Se 


2 : ; 1q req 
syreuey -uny |} peppy yexemyy oz, |S N 
=: ’ Surrey, speayy Be) uO aposg coe 


‘quej deg | ‘queg Jeg ‘u01y 
“dONoBy xy NOY Ul OUIZ 
shessy uoy, Jed spunog ‘suo1je141y, UoT}Njog | 


oF ‘1 :g ‘010 0} WOT}NIOS Jo ONBY “OD “q] 9G°0 ‘NO®BN 904} “G] OL'F ‘UOINTOs [VUIBIIO Jo yAZusIg 


Roe, fq wang pun pop fo uoyonyay uo sjoiupy siz aqnjog fo yoaffq— IT @1avy, 


E. 8. LEAVER AND J. A. WOOLF 539 


4 truer indication of the effect on extraction than the amount of zinc in 
_ the solution used to pulp the ore. This is explained by the fact that some 


of the zine is precipitated out of solution during the agitation with 
fresh ore and lime. The erratic variation of zinc in the tailings from the 
different cycles is due to this precipitation of zinc from the solution. 
The higher the zinc content-of the pregnant solution, the lower the gold 
and silver extraction in that particular cycle. In addition to the zinc 
entering solution by replacement of the precipitated metals there is a 
slight increase in the zinc content of the solution during the precipitation 
period, due to dissolution of zinc dust. 


Zinc in Cyanide Solution Affects Gold and Silver Extraction 


The amount of zinc retained in the mill cyanide solution proportion- 
ally affects its efficacy as a solvent for precious metals from ore. 
Decreased extraction is noticeable when the solution contains 0.10 per 
cent. zinc. When it contains 0.36 per cent., the cyanide extraction of 
both gold and silver drops nearly 10 per eee. More details are given 
in Table 12. 

A fresh solution containing no zinc gives maximum extraction of the 
precious metals. Extraction decreases in proportion to the increase of 
zine retained in the cyanide solution. Experiment 5 of Table 12 
shows that the free cyanide, as determined by silver nitrate titration, 
checks with the total cyanide titration. This indicates that the excess of 
caustic soda reacts to change the double sodium-zine cyanide and pro- 
duces a free cyanide titration equal to the total cyanide. However, it 
does not precipitate the zinc from solution. It appears, then, that 
merely changing the double sodium-zine cyanide through reaction with 


- eaustic does not satisfactorily improve the condition for the cyanide 


dissolution of precious metals. The zinc must be removed from the 
cyanide solution to obtain maximum extraction. 

In Table 12, the titrations show that although the free cyanide varies 
there is more than sufficient free cyanide at all times in each test to give, 
in clean solution, the maximum extraction of the precious metals. 

Additional experiments show that the deleterious effect of zine in a 
particular cyanide solution may be entirely overcome by the addition of 
more cyanide. In the usual plant practice this would result in excessive 


cyanide loss. 


Double Sodium-zine Cyanide 


It is generally considered that double sodium-zine cyanide solution 
is a weak solvent for precious metals from their ores. Our experiments 
affirm this, and indicate that the solvent action is due to free cyanide 
liberated from the double salt. This liberation apparently occurs slowly 
on contact of the solution with a fresh ore charge; different ores release 
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q parying t small amounts of free cyanide. Strong alkali reacts to change 
ae form of combination of all the double cyanide. However, the zine 


a See conditions. 
Maximum extraction is obtained with clean cyanide solution. On 
4 comparing experiment 3 with experiments 4 to 7 inclusive, it is plain 
_ that sodium-zine cyanide furnished part of the cyanide used in the last- 
_ named tests. Lime readily frees some cyanide and strong caustic com- 
_ pletely frees it, but both give practically the same dissolution of precious 
_ metals. This is explained by our former experiments, in that nearly 
_. all of the zine in both cases is still retained in the Pyoniae solution and 
equally affects the dissolving power. 


Removal of Zinc from Mill Solution 


The accumulations of zine in mill solutions from any cause should 
receive prompt attention. The loss of precious metals from this cause is 
likely to be gradual and often overlooked because the loss is uniform and 
low. In the usual cyanidation with zinc dust as the precipitant the 
accumulation of zinc is slow and is often counterbalanced by precipitation 
through contact with fresh ore and lime together with the continual 

removal of waste solution with the tailings. 

j If the ore contains soluble zinc minerals or soluble copper minerals, 

and this copper is precipitated with zinc dust, the accumulation of zine 

- in the mill solution is fairly rapid and plainly shows by lowered extraction 
of the precious metals. Experiments on methods for the removal of 
zine from cyanide solution are given in Table 14. 

Lime, when added to a cyanide solution, liberates about 40 per cent. 
of the cyanide combined with zinc but removes by precipitation only a 
small amount of the zinc. In alkaline solutions a soluble sulfide is a more 
effective precipitant. The reaction is more active in warm solutions. 

If the solution is acidified and the required amount of sodium sulfide 
added the zinc is almost completely precipitated. The acid method is 
practicable only when provision is made for safely retaining the liberated 
hydrocyanie acid and for its regeneration into an alkaline cyanide. 

The mill solution regains the original dissolving efficacy for precious 
metals after the removal of zinc. 


CoNCLUSIONS 


1. All of the common copper minerals, excepting chrysocolla and 
chalcopyrite, are sufficiently soluble in cyanide solution under the usual 
conditions for cyanidation to cause excessive cyanide loss unless the 
cyanide that combines with the copper is regenerated. 
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2. The copper minerals containing arsenic or antimony will cause 


additional loss of cyanide and fouling of solution, due to dissolution of 
some of the arsenic and antimony. 


3. The ratio, pounds of cyanide used to pounds of copper Edissertell 
varies from 1.85 to 2.75 for the different minerals. This variation is due 
to difference in the quantity of complex cyanide salts formed and the 
amount of cyanide used in dissolving other metals associated in the 
copper minerals. 

4. The percentage of cyanide regenerated by the sodium sulfide- 


_ sulfuric acid method averages about 80 per cent. The regenerated 


solution is as active as a fresh solution in the dissolution of precious metals. 

5. The amount of sodium sulfide used is directly proportional to the 
metals to be precipitated. The consumption of sulfuric acid varies as 
the strength of the pregnant solution in total cyanide (free and combined 
with metals), and lime or free alkali. 

6. The presence of copper in a cyanide solution, in amounts not 
exceeding 10 lb. per ton, does not diminish the activity of the solution 
as a solvent for gold and silver, provided the solution contains free 
cyanide equal to the quantity needed in fresh solution to obtain 
maximum extraction. 

7. The double sodium-copper cyanide solution in the absence of free 
cyanide is only a weak solvent for the precious metals. 

8. The zine minerals smithsonite, hydrozincite and zincite are suf- 
ficiently soluble under the usual conditions for cyanidation to cause 
rapid accumulation of zinc in solution and thus impair the efficacy of 
the solution as a solvent for precious metals. 

9. Commercial zinc dust is also readily soluble in cyanide solution, 
therefore an excess over that necessary to precipitate the metals should 
be avoided. If zine dust is used to precipitate copper from cyanide 
solution where the copper content accounts for excessive cyanide loss 
during the leaching period, the re-use of the cyanide solution will soon 
result in its becoming fouled with zine. 

10. The double sodium-zine cyanide by itself is a weak solvent for 
gold and silver but the addition of lime or caustic liberates some free 
cyanide that will increase the efficacy of the solution. However, the 
zinc must be removed to obtain maximum dissolution of precious metals. 

11. The experiments support the precipitation method (sodium 
sulfide and sulfuric acid) asa practical means of removing copper and zinc 
from cyanide solution and regenerating most of the combined cyanide in 
a form that is effective for the dissolution of the precious metals. 

Our figures indicate that in most cases the cost of the chemicals will 
slightly exceed the selling price of the copper recovered. The merit of 
the process therefore depends on the value of the gold and silver associ- 
ated with the copper mineral in the ores. It should be confined to 
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: o Apis DISCUSSION 


Ore ay, E. Ciennett, London, England (written discussion).—This paper interested 
ae me greatly, as I was ‘associated with Mr. Leaver in metallurgical researches connected 


“10 years 5 had occasion to investigate one ih the materials referred to in the paper; 
viz., the Douglas tailings from Dayton, Nev. Unfortunately, I have now no record of 


z ne ‘results obtained, but my impression is that the copper was largely soluble in 


cyanide and could readily be precipitated, with regeneration of most of the cyanide 
_ by means of zinc dust, especially in hot solutions. 

As the use of zinc appears to be necessary in any case for recovery of the larger 
part of the gold, the advantage of the proposed process is not obvious to me. The 


more natural proceeding would seem to be to precipitate the gold, together with most 


of the copper and silver, by means of zinc, and to use sodium sulfide, in alkaline solu- 


tion, from time to time for precipitation of the zine (and incidentally a little of the 


silver) whenever the accumulation of zinc would otherwise reduce the solvent efficiency 


of the solution.’ The cyanide combined with zine would thus be recovered as an effec- 
_ tive solvent without the necessity of using acid, or a special enclosed apparatus such as 


is required by the authors’ process. It is possible that the authors have already tried 
the method I have outlined; if so, it would be interesting to know why it was not 
adopted, and why they consider that their suggested method is preferable. 

I should like to congratulate the authors on the presentation of a paper containing 
so many interesting and valuable data. 


J. A. Carrenter, Reno, Nev. (written discussion)—This paper is of value not 
only for its experimental work on the suggested method of precipitating copper from 
cyanide solutions but also for its painstaking and detailed tests, which confirm or 
disprove statements scattered through the literature of cyaniding as to the action of 


_eyanide solutions on copper and zinc minerals and their effect as double cyanide salts 


upon extraction results. 

This paper would have been a to me 15 years ago when I was experimenting 
to find the best way to cyanide ‘‘sweepings” from the tailing ponds at Tonopah. 
These “‘sweepings” contained the evaporated salts from waste mill solutions, and 


therefore had a high content of copper, zinc and reducing salts. . 


In my unsuccessful attempt to treat them by acid precipitation of the solutions I 
encountered serious trouble from the rapid increase in free cyanide and reducers, and 
in other impurities in the mill solutions; from the increasing amount of hydrocyanic 
gas inside and outside the plant, and from the sticky, slimy nature of the white precipi- 
tate. However, the final blow fell when the solution became so saturated with impuri- 
ties that the silver precipitated out ahead of time on all iron surfaces of the agitators, 
pipe lines and filters. I still vividly remember my surprise in finding the inside of a 
centrifugal pump silver lined. 

In the laboratory, this foul solution failed to precipitate its silver on zine shavings 
but precipitated it on fresh iron turnings from the machine shop. 

I suggest to the U. S. Bureau of Mines that it investigate the interesting chemistry 
of cyaniding “‘sweeps.” These sweepings were later profitably treated at the 
Tonopah Belmont mill. Also the precipitation of copper and zinc from mill solutions 


aie 


and the recovery ae th 
Tonopah Extension mill, 
ae sulfide-acid Pere 


Leine loss in hippie ine pre ae as a combin 
May there be any condition in the precipitation as to ~ 
of the sodium sulfide that might give a precipitation ¢ of one metal 

Also, if the same solution is to be used over again by adding alkali, then 
, day comparison with precipitation with aluminum dust, giving no dou 
as an impurity, would be most paaietick 


practice sulfide ores shoul furnish, indirectly, gaivienk sodinent aulGda to pre 
out the zinc to a low content in the solution. If the ore contains marcasit 
know there will be an excess of soluble sulfide, with the zinc in solution ser 
useful purpose. "3 
Why in experiment 3, Table 14, does the oreeipraune out of the zine Anh 
the zinc in solution drops to 0.091 per cent.? Since sphalerite is somewhat solubl 
in free cyanide, does the freshly precipitated zinc sulfide tend to go back into solutior 
From a long series of tests I once made on a silver chloride ore carrying oxidi 
lead and zine minerals, I came to the conclusion that the double zinc cyanide was | 
good solvent for silver chloride. I would be interested in.a test made on the pur 
mineral. a 
I would suggest that in recording tests the conditions as to the vigor of agitation — 3 
and amount of aeration should be given, and also titrations on the reducing power of a 
the solutions. In using a solution over again it is more often the reducers in the __ 
solution that lower the extraction than the double cyanide of zine. oe 
It would be interesting to hear from the operators at the Tonopah Extension and — 
at Pachuca upon these points. 


E. 8. Leaver anp J. A. Woour (written discussion).—Answering Mr. Clennell: 
Our experiments show that in the precipitation of gold, copper and silver from cyanide 
solution by the use of zine dust two serious difficulties were encountered: 

1. Cyanidation of ores containing even 0.1 per cent. cyanide-soluble copper would Ne 
in each cycle introduce sufficient zinc to lower the precious-metal extraction in the 
subsequent cycle unless the zine were removed at the end of each cycle or excessive 
amounts of cyanide added to the mill solution. Zinc slowly precipitates copper from 
cyanide solutions. The best condition, 3 mol. of free cyanide for each mol. of dissolved 

-copper, requires several hours for nearly complete precipitation even in warm solution. | 
This means that a considerable quantity of the zinc dust would be directly dissolved 
‘ during the precipitation period. 

2. The equilibrium conditions with the use of sodium sulfide for the precipitation — 
of zine in cyanide solution are such that all the sodium sulfide does not react with the 
zinc, as part of the precipitate zine sulfide redissolves in the alkaline solution; that is, 
soluble sulfide remains in the cyanide solution and would readily build up sufficiently 
to foul mill solutions. This is not the case in our proposed method of precipitation — 
from acid solutions. 

In reply to Professor Carpenter’s questions: In the proposed process, silver and — 
copper may be precipitated separately if desired. Sodium sulfide is an efficient 
precipitant for silver from alkaline cyanide solutions. Also, under this condition 
no copper is precipitated provided the solutions contain free cyanide. After the 
precipitation of the silver, if the solutions are made acid all of the copper is precip- 
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s not ee in sufficient amounts to affect the ae power of the solution. 
double cyanide of zinc accounted for the lower extractions. 
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